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ABSTRACT
Tropical cyclone (TC) hazard preparation is mostly focused on coastal cities with less
attention typically paid to inland regions. The impact of TCs that propagate far inland is often
underestimated and can cause unexpected loss of life and economic loss. This dissertation aims
to understand the decay process of TCs during the post-landfall stage by answering three main
research questions: (1) What are the general patterns of inland tropical cyclones, including
spatial variations, decay rates, and translation speeds? (2) Are there temporal changes in the
intensity decay from inland moving hurricanes? (3) How is the hurricane post-landfall
dissipation related to its nearshore intensity? These three research questions establish the
framework of this dissertation and reflect three essential aspects of geographical distribution,
temporal variation, and implications of risk preparations.
To answer the first research question, Chapter Two examines TC decay patterns for
different continental U.S. regions based on historical storm landfall events. I find that inland
moving hurricanes over the Gulf Coast decay faster within the first 24 hours after landfall than
those over the Atlantic East Coast. By comparison, historical hurricanes transiting the Florida
peninsula maintained, on average, more than 80% of their landfall intensity when transiting
across the state.
To explore the temporal changes of hurricane inland wind decay, Chapter Three
introduces the decay period as a new metric to measure the time required for a landfalling
hurricane to decay from hurricane intensity to below tropical storm intensity. Landfalling
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hurricanes over the U.S. have decayed slower since the 1980s, potentially correlated with longterm climate variability.
The potential relationship between post-continental U.S. landfall hurricane dissipation
and nearshore hurricane conditions is investigated in Chapter Four. Hurricanes that underwent
intensification before landfall are more likely to weaken at a slower rate after landfall. This
relationship is not consistent along the Gulf Coast, possibly due to variations in surface
conditions. Southeastern Florida is identified as an area under especially high risk due to a
combination of frequent intensification prior to landfall, high landfalling wind speeds, and weak
dissipation rates after landfall.
The three aspects investigated in this dissertation not only enrich the current knowledge
base for inland TC behavior but, more importantly, address the potential impacts of the changing
climate on inland tropical cyclones. This area has not received significant attention from the
research community despite its potential critical impacts. The framework of this research could
also be applied to other cyclone-prone regions worldwide, giving guidance for inland regions to
adapt to TC risks in a warming climate.

vii

CHAPTER ONE:
INTRODUCTION

1.1 Overview and Motivations
Tropical cyclones (TCs) are devastating natural hazards that threaten both human life and
property in their path. TCs require a particular set of environmental factors to develop and
intensify (Gray, 1968). One of the most critical environmental factors is a warm ocean surface
(typically >26.5°C) (Gray, 1968; Dare & McBride, 2011). Since most TCs form over tropical
oceans and weaken once they make landfall, coastal cities are therefore thought of as being the
most vulnerable to this hazard.
However, the deadly reach of TCs not only occurs in coastal locations but may have
significant impacts that reach far inland. The impact of TCs during their post-landfall stage is
usually overlooked. Slow-moving TCs following landfall, or those with a fast translation speed
that penetrate far inland, can cause an unexpected loss of life and degree of economic impact.
Underprivileged communities may be disproportionally impacted due, in part, to limited
resources that are available for mitigation planning.
Once the TC is over land, it typically weakens due to the loss of its heat source and
moisture supply. The wind speed of TCs also exponentially diminishes after landfall (DeMaria et
al., 2006). This typical landfalling TC lifecycle, however, is applied under the condition of TCs
passing over idealized dry and flat surfaces. Saturated surfaces such as marshes and bayous can
all contribute as potential energy sources after landfall. In real-world cases, TCs over a landmass
may weaken slowly or even reintensify due to favorable environmental factors after landfall. In
1

the North Atlantic, TC Erin in 2007 was documented as a reintensifying inland TC due to
anomalously high soil moisture (Evans et al., 2011; Kellner et al., 2012). Among other factors, a
TC’s intensity change rate after landfall is controlled by interactions between the land surface
and the TC. These interactions lead to spatial variations in a TC’s inland decay process,
particularly in the U.S. which has a broad range of surface types and topography.
While understanding the spatial variation of TC landfall decay can help highlight the
potential impact of TC-related hazards to inland regions, it is more important to identify whether
such risks have evolved through the years due to a changing climate. The U.S. inland TC risk has
not received much attention until recent studies that have shown a slowdown in inland TC decay
rate within the past several decades (e.g., Li & Chakraborty, 2020).
To combat potentially increasing TC risks in a warming climate, it is crucial to identify
TC-prone regions, particularly inland communities who may pay little attention to TC hazards.
The framework could also be applied to other TC-prone inland regions worldwide to address the
need for early mitigation planning. This goal is addressed by the following research questions:
a. What are the general patterns of inland tropical cyclones, including spatial variations,
decay rates, and translation speeds?
b. Are there temporal changes in the intensity decay from inland moving hurricanes?
c. How is hurricane post-landfall dissipation related to its nearshore intensity?

Following a literature review of previous work on inland TCs from both qualitative and
quantitative approaches, these three research questions are addressed in three separate chapters.

2

1.2 Literature Review
Existing studies have used a variety of different approaches to improve our understanding
of inland TCs (Wexler, 1939; Kaplan & DeMaria, 1995; Anderson & Shepherd, 2017). Previous
studies of TCs over land have used both physical (land-air interaction) and descriptive
approaches. The physical approach can be traced back to Wexler’s (1939) investigation of the
1938 New England hurricane’s dissipation due to proposed land friction effects. Later research
work using a physical approach has given numerous pieces of evidence of the land surface
feedback on TC reintensification due to both latent heat fluxes and surface moisture fluxes (e.g.,
Chan & Liang, 2003; Emanuel et al., 2008). Anderson and Shepherd (2017) have proposed a
new term, the “Brown Ocean” effect, to explain how wet soils can act as an alternative heat
source for TCs intensifying over a non-ocean surface.
By comparison, the descriptive approach provides an insight into storm intensity in a
spatial-temporal manner. Using tracking information for 13 landfalling hurricanes from 1928 to
1955, Malkin (1959) first introduced an empirical decay rate as a function of time. Later studies
(e.g., Schwerdt et al., 1979; Kaplan & DeMaria, 1995) extended this function for three
geographical subdivisions along the East Coast of the U.S., suggesting that a different parametric
function should be used for different landfall locations. Recent studies have started employing
GIS software for visualizing both the magnitude of the surface wind as well as its spatial
distribution (e.g., Kruk et al., 2010; Kovach & Konrad, 2014). The following sub-sections give a
detailed review of both the descriptive and physical approach that serves as the knowledge base
of this dissertation.

3

1.2.1 TC Landfall Decay Processes
It has long been recognized that TCs weaken after landfall. This observed weakening is
termed the TC decay process. The scope of this review focuses on the TC decay after landfall,
and consequently, over-ocean TC intensity decreases are not included.
The TC decay process is caused by an unfavorable environment for the tropical cyclone. Some
critical criteria used to quantify intensity changes include, but are not limited to, increases of
minimum sea-level pressure (MSLP) and decreases of maximum near-surface wind speed
(MSW). These two criteria have been widely applied in previous studies on the TC landfall
decay process and are used herein as they are generally accepted (Malkin, 1959; Tuleya &
Kurihara, 1978; DeMaria et al., 2006). The MSLP is measured by either aircraft reconnaissance
or surface observations and is a relatively reliable measure of TC intensity. In terms of potential
TC damage, Klotzbach et al. (2020) suggested that MSLP has served a much better predictor
than MSW for recent major U.S. landfalling hurricanes. This is typically due to a better
relationship between MSLP and storm surge than MSW. However, since storm surge is not a
major threat to inland regions, MSW may be a more useful way of describing inland TC intensity
for this study. Though many studies have provided functions for an estimated conversion
between MSLP and MSW (e.g., Knaff & Zehr, 2007; Chavas et al., 2017), most of these have
been established under conditions where a TC is over the ocean.
The lack of heat and moisture supply from the land surface cool down the TC core,
resulting in a pressure gradient decrease. This decrease further reduces the production of kinetic
energy and formulates a positive feedback loop promoting continued decay (Miller, 1964). The
pressure is also not increasing uniformly throughout the storm but has the largest increase near
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the center (Tuleya & Kurihara, 1978). The reduced pressure gradient from the center to the
periphery of the storm results in a reduced maximum wind speed (Knaff & Zehr, 2007).
Though early studies on TC decay mostly rely on limited tracking information as well as
a lack of accurate intensity data, they provided a qualitative description of this process. Malkin
(1959) first described the TC decay process after U.S. landfall by investigating changes of MSLP
from 13 hurricanes during 1928–1959 before and after their landfall. A fitted regression curve
was then generated for the MSLP as a function of time. The pressure curve P was described by:
Eq. 1.1

𝑃 = 𝑃! + 2.3𝑡 − 0.03𝑡 "

where 𝑃! is the central pressure in millibars at landfall, and 𝑡 is the time after landfall is recorded
on an hourly basis. The equation quantitatively describes the characteristics of TC intensity
changes after landfall and, more importantly, sets up a baseline for reference by later studies.
However, Eq. 1.1 neglects geographical considerations, which were first mentioned by Schwerdt
et al. (1979) who divided the U.S. coastline into the Gulf Coast, the Florida Peninsula, and the
Atlantic East Coast up to the Canadian border. They found that storms striking the Gulf Coast
had the strongest weakening decay rate of the three regions examined. While findings from a
later study using the same geographical divisions also agreed that the most rapid decay rate was
found for the Gulf Coast (Ho et al., 1987), they also found that the TC decay rate was highly
dependent on the environment, which varied significantly from case to case. Kaplan and
DeMaria (2001) also found TCs making landfall along the northern part of the East Coast with
landfalling wind speeds >=34 kt (e.g., tropical storms and hurricanes) have an overall more rapid
decay rate than those making landfall along the southern part of the East Coast due to stronger
interactions with baroclinic weather systems as a TC moves poleward.

5

The characteristics of a TC (e.g., forward speed, intensity), land-air interactions (e.g.,
latent heat flux), as well as surface characteristics (e.g., surface temperature, soil moisture
content) all play a critical role in determining the decay rate of a landfalling tropical cyclone Our
current understanding of these factors is discussed in the sections that follow.
1.2.2 Land Surface Interaction
A TC is a thermally-driven circulation that is maintained by abundant latent heat fluxes.
When combined with favorable atmospheric factors, warm SSTs provide conducive conditions
for TC formation and intensification. In contrast, this heat source is greatly reduced after
landfall, causing the TC to lose its energy supply and eventually dissipate. The decay rate of a
landfalling TC, however, is not uniform. Complex interactions between the TC and the
underlying surface control the landfall decay process.
Energy exchange is agreed to be a predominant factor involved in the decay of a
landfalling tropical cyclone. Miller (1964) studied Hurricane Donna of 1960 and examined its
energy exchange at the surface before and after landfall in Florida. He found that the absence of
the oceanic heat source caused the spreading out of the warm air over a large area and a
consequent cooling of the core. The TC then eventually dissipated due to the loss of its energy
supply. Tuleya and Kurihara (1978) concur with the findings of Miller (1964). They applied a
three-dimensional numerical model for TCs and gave a more detailed explanation of the energy
exchange that occurs during the decay process. As evaporation is suppressed over land, the
reduction of equivalent potential temperature and precipitation leads to a less humid TC, causing
a more rapid decay rate of the storm (Tuleya & Kurihara, 1978; Tuleya et al., 1984).
As surface roughness over land is much greater than that over the ocean, surface friction
was thought to be a major component of the TC’s decay over land, until Hubert (1955) stated
6

that friction alone was not sufficient to support a TC’s dissipation after landfall. However, while
friction over land is not a dominant factor in TC filling, it could still result in some reduction of
the surface wind speed (Miller, 1964; Tuleya & Kurihara, 1978; Tuleya et al., 1984; Shen et al.,
2002). The quantitative relationship between wind speed and U.S. surface roughness is described
in Bietry et al. (1978) and Batts et al. (1980).
Though surface friction due to the roughness of the landmass has relatively little impact
on the filling rate of TCs, large-scale uneven surfaces such as elevated terrain can affect the TC
circulation by replacing humid air with dry air over the mountains (Bender et al., 1985). Bender
et al. (1987) extended this idea by conducting numerical simulations of TCs over island terrain.
They argued that when a TC was crossing an area with elevated terrain, the advection of dry air
near the mountain tops into the storm could decrease the latent heat flux, causing a more
disorganized storm structure. Their simulated TC also showed a weakening tendency even well
before landfall due to dry air advection occurring in front of the storm. This result was also found
by Georgiou (1985) who used wind speed as a measure of TC intensity. The direct impact of dry
air advection on TC decay was due to the cutoff of the system’s moisture supply as noted by
Chan and Liang (2003). Dry air intrudes into the storm, causing an insufficient moist envelope,
eventually cutting off the TC’s energy supply (Kimball, 2006). The size of the TC was also
expected to decrease with drying and surface roughening (Chen & Chavas, 2020).
The loss of moisture supply and latent heat are now known to be two main contributors to
the decay of a landfalling TC. These two criteria are dependent on the local land surface
environment. The abundance of water coverage on the landmass could potentially reduce the
decay rate of a TC due to a higher moisture supply. Places with a higher water-land ratio would
thus experience a lower TC decay rate (Malkin, 1959). Even a ½ meter layer of water can, to
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some degree, slow down the landfall decay as stated by Shen et al. (2002). Strong diurnal
variations are also found with shallow water, due to lower subsurface heat capacities (Shen et al.,
2002). The sensitivity of the TC landfall decay response to water content has raised concerns of
positive feedback from the landmass that may favor prolonging the longevity of a landfalling
TC.
The impact of TC rainfall is another concern that can be modulated by the moisture
content stored in the soil. Soil on the land surface can have a large heat and moisture capacity,
which could potentially then act as an energy supply for TCs. The precipitation along and ahead
of the TC track can increase not only the soil moisture but also the latent heat flux from the land
surface. By investigating TC Abigail in 2001 passing over north Australia, Emanuel et al. (2008)
argued that a land surface with hot and sandy soil could store enough heat and would be able to
diffuse heat upward to maintain or even reintensify a TC when the soil was moistened by rain. A
peak surface flux value of 190 W m-2 was detected in their simulation and was suggested to be a
critical threshold for TC reintensification (Emanuel et al., 2008). Tropical Cyclone Erin in 2007,
which intensified passing over Texas and Oklahoma, shared similar characteristics to TC
Abigail. Evans et al. (2011) simulated TC Erin using the Advanced Research Weather Research
and Forecasting model and suggested that a threshold surface latent heat flux value of 150 W m-2
was required for such reintensification to occur. However, the along-track rainfall was found to
have a minimal impact. The effect of rainfall on the TC decay process therefore acted only as a
supplemental condition in their study.
Since high soil moisture content has the capability of providing equivalent energy supply
to sustain a TC, recent research has attempted to understand the role soil moisture plays in inland
TC decay. Kishtawal et al. (2012) investigated historical landfalling TCs in the U.S. from 1980–
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2008. They used different soil parameters to seek relationships between soil characteristics and
landfall TC decay rates. Their result showed a strong dependency of the TC decay rate on soil
bulk density. The study also suggested that higher soil thermal capacity leads to increased
transfer from the surface to the atmosphere, causing a reduced rate of TC decay. Anderson and
Shepherd (2017) proposed a “Brown Ocean” concept. They propose that TCs can intensify over
land when three observable conditions are met: (1) minimal horizontal temperature variations in
a barotropic lower atmosphere; (2) high soil moisture before the TC’s passage; (3) land surface
evaporation that has a latent heat flux which reaches at least 70 W m-2.
They noted that TCs would experience a reintensification over a land surface that meets
all three of these components, even when the heat flux threshold is less than 50% of the
thresholds of 190 W m-2 or 150 W m-2 as suggested by Emanuel et al. (2008) and Evans et al.
(2011), respectively. The “Brown Ocean” concept also explained the inland flooding event in
southern Louisiana caused by a tropical system from the Gulf of Mexico (Nair et al., 2019).
It can be concluded that surface roughness causes TC to rapidly decay post landfall,
while soil moisture could provide a positive feedback allowing for slower-than-normal
weakening or even reintensification. Hlywiak and Nolan (2021) investigated both factors
together and argued that the surface roughness plays an important role in TC intensity decay
within the first 12 h of landfall, whereas the soil moisture has a more significant effect for the
larger-scale TC wind field.
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Abstract
Understanding tropical cyclone wind speed decay during the post-landfall stage is critical
for inland hazard preparation. This chapter examines the spatial variation of wind speed decay of
tropical cyclones over the continental United States. We find that tropical cyclones making
landfall over the Gulf Coast decay faster within the first 24 hours after landfall than those
making landfall over the Atlantic East Coast. The variation of the decay rate over the Gulf Coast
remains larger than that over the Atlantic East Coast for tropical cyclones that had made landfall
more than 24 hours prior. Besides an average weaker tropical cyclone landfall intensity, the nearparallel trajectory and the proximity of storms to the coastline also help to explain the slower
post-landfall wind speed decay for Atlantic East Coast landfalling tropical cyclones. Tropical
cyclones crossing the Florida peninsula only slowly weaken after landfall, with an average of
less than 20% post-landfall wind speed decrease while transiting the state. The existence of these
spatial variations also brings into question the utility of a uniform wind decay model. While
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weak intensity decay over the Florida peninsula is well estimated by the uniform wind decay
model, the error from the uniform wind decay model increases with tropical cyclones making
direct landfall more parallel to the Atlantic East Coast. The underestimation of inland wind speed
by the uniform wind decay model found over the western Gulf Coast brings attention to the role
of land-air interactions in the decay of inland tropical cyclones.

2.1 Introduction
Tropical cyclones (TCs) pose a major threat to both the Gulf Coast and East Coast of the
United States and can cause tremendous damage and loss of life (Rappaport, 2014). Since TCs
form over tropical oceans and typically weaken once making landfall, coastal cities are therefore
considered as being the most vulnerable to this hazard (Klotzbach et al., 2018). While TC hazard
preparation has historically been mostly focused on coastal cities with relatively little attention
paid to inland regions, the impact of TCs that propagate far inland can be underestimated.
Consequently, these TCs can cause unexpected fatalities and economic losses. From 1950 to
2010, 16% of total insured losses from landfalling hurricanes losses were claimed by inland
states (AIR Worldwide, 2011). An improved understanding of a TC’s intensity change after
landfall could aid in terms of foreseeing potential destructiveness and undertaking appropriate
hazard preparations.
Several early attempts were made to generalize the TC intensity decay pattern for the
continental United States. Malkin (1959) first described the TC decay process by investigating
changes in minimum sea level pressure (MSLP) from 13 hurricanes between 1928–1959 before
and after landfall. The MSLP was fitted to a polynomial regression curve as a function of time
after landfall. Although MSLP has served as a better predictor of the observed damage than
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maximum sustained wind speed (MSW) for recent major U.S. landfalling hurricanes (Klotzbach
et al., 2020), this typically is due to a better relationship between MSLP and storm surge than
MSW and storm surge. However, since storm surge is not a major threat to inland regions, MSW
may be a more useful way of describing inland TC intensity. Using a much larger sample size of
landfalling TCs than Malkin (1959), Kaplan and DeMaria (1995; afterwards referred to as
KD95) developed an empirical exponential model describing post-landfall wind speed decay as a
function of time. The KD95 model also addressed the fact that more intense TCs tend to decay
much faster than weaker storms, as also noted by Tuleya et al. (1984).
Although it has been well established that the intensity decay of TCs after landfall
follows an exponential curve (KD95), the actual decay rate varies considerably on both an
individual storm and on a regional basis. The regional variation in TC decay rate was first
identified by Schwerdt et al. (1979), who divided the U.S. coastline into the Gulf Coast, the
Florida peninsula, and the Atlantic East Coast north to the Canadian border. They found that
storms striking the Gulf Coast had the strongest decay rate of the three regions examined, while
those making landfall along the Florida peninsula had the weakest decay rate. The KD95 model
also split the U.S. coastline into three sub-regions consistent with Schwerdt et al. (1979) and Ho
et al. (1987). Though the KD95 regression model showed some improvement when applying
different parameters to the three sub-regions, the improvements were not substantial. Therefore,
KD95 suggested applying a uniform decay rate model to the entire U.S. south of 37°N. However,
as one limitation of their study, a lack of landfalling TCs for some portions of the U.S. coastline
yielded considerable uncertainty for some of their model estimates.
Vickery (2005) agreed with the application of an exponential decay function to describe
the TC decay process but pointed out that the errors from the model in different regions may be
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explained by both the translation speed and the storm radius. Ding (2012) introduced the surface
friction effect in the planetary boundary layer (PBL) and proposed a nonlinear decay model. By
adding the mean height of the PBL to the decay function, the model greatly improved the
estimation of wind decay immediately following landfall. While the Ding (2012) model requires
calibration of empirical decay parameters (e.g., drag coefficient and decay constant), Ding et al.
(2020) assessed seven major hurricanes making landfall in the Gulf Coast and proposed an
empirical relationship between landfall intensity and empirical decay parameters. Although a
number of studies have proposed empirical functions describing the decay process of a
landfalling TC over the continental U.S., the geographical variation of the TC decay process
remains uncertain. These uncertainties typically include unexplained relationships between
model errors and TC characteristics, including but not limited to TC intensity, inland distance
traveled, and storm motion relative to the coastline. In an effort to fill this knowledge gap, this
study investigates historical TC landfalls in the continental U.S. and focuses on geographical
variations of the intensity decay pattern. The results of the study could provide additional insight
into the U.S. landfall TC intensity decay process and consequently benefit hazard preparation for
inland regions.
2.2 Methods
2.2.1 Data Acquisition
The TC data used in this study are from the National Hurricane Center’s (NHC’s) North
Atlantic hurricane database (e.g., HURDAT2; Landsea & Franklin, 2013) as archived in the
International Best Track Archive for Climate Stewardship (IBTrACS) version 4 (Knapp, 2010).
The dataset provides both spatial and temporal information regarding a TC’s MSW recorded at 6
h intervals. The MSW reflects NHC’s best estimate of the maximum 1-min 10m-average wind
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speed in the TC, which can be anywhere within the storm but is typically within the eyewall.
Only TCs making landfall in the continental U.S. are considered with a time window set to 1988
to 2019 to allow for the period where data are most reliable. Tropical cyclones that made a prior
landfall in Mexico are excluded from this study. Landfall intensity in this study is defined as the
first 6 h intensity after the center of the storm is over land. Since some TCs (e.g., Erin in 2007)
show reintensification after making landfall while the cyclone is in its disturbance stage, TCs in
the disturbance stage are also excluded. While extratropical transition is known to impact TC
intensity when TCs move into higher latitudes (Evans & Hart, 2003), this study excludes stages
when a TC has transited into a cold-core extratropical cyclone as indicated by the storm structure
classification in IBTrACS.
2.2.2 Study Area
This study divides the U.S. coastline into subdivisions in a similar manner to Schwerdt et
al. (1979) but with a modified setting. Instead of assigning the Florida peninsula to be a separate
division, this study splits the coastline of the peninsula into its western and eastern parts
following a straight line from 82.69ºW at the northern Florida border heading due south along
80.85ºW as currently used by the National Oceanic and Atmospheric Administration (NOAA,
https://www.aoml.noaa.gov/hrd/hurdat/UShurrs_detailed.html) to classify Florida landfalling
hurricanes into western and eastern regions. Since TCs hitting the west coast of the Florida
peninsula share formation mechanisms that are more akin to those of the Gulf Coast relative to
the Atlantic East Coast and the Florida east coast (Klotzbach & Gray, 2008), this study assigns
TCs making landfall along the Gulf Coast and the west coast of the Florida peninsula into the
Gulf of Mexico subdivision (GM). TCs making landfall along the Florida east coast are grouped
with the Atlantic subdivision (AT). The study also includes a special hybrid subdivision (HY)
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that covers TCs making landfall in both the AT and GM regions. Filtered TC tracks are
organized into these three geographical regions (Fig. 2.1).
A coastline extension of 150 nautical miles into the ocean has been applied in some
studies to aid in assessing characteristics of decaying TCs (Schwerdt et al., 1979; Kruk et al.,
2010). This approach has been adopted to better understand intensity alterations when a fraction
of a TC is over land while the center is over the ocean. In this study, we focus on post-landfall
intensity decay. Therefore, we only examine TCs once the center of the storm has crossed land.
Since ~90% of the over land TC track points used in this study are within 48 hours of landfall,
this study focuses on the first 48 hours after a TC has made landfall. We only investigate TCs
where the maximum wind speed is greater than or equal to 30 kt, since 30 kt is the background
wind speed defined by Kaplan and DeMaria (1995). With the above filtering methods applied, 68
individual TC trajectories and 294 track points (6 h) are obtained. Table 2.1 shows the
composition of the data for each defined sub-region with the type of the storm as categorized by
IBTrACS.
2.2.3 Wind Speed Decay Ratio
The inland TC decay process described by Malkin (1959) is a function of time after
landfall. Both MSLP and MSW are conventionally employed to measure the intensity of TCs
and are conceptually interchangeable (Holland, 2008; Chavas et al., 2017). Here we use inland
wind speed rather than MSLP to better represent the potential inland TC damage from wind
(Zhai & Jiang, 2014). While accumulated cyclone energy (ACE; e.g., MSW2 at hourly or sixhourly intervals depending on its application) also reflects TC intensity (Saunders & Lea, 2005),
it is more often used as an indicator of basin wide TC activity (Truchelut & Staehling, 2017). For
the sake of a comparative spatial analysis among the three subsets, here we introduce the
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Landfall Decay Ratio (𝐿𝐷𝑅) and define the LDR to be the ratio of the post-landfall MSW (𝑣" ) to
the initial landfall MSW speed (𝑣# ):
$

𝐿𝐷𝑅 = $#

Eq. 2.1

$

The 𝑣# is reset for each landfall when handling multi-landfall events by the same TC. Values
with an LDR greater than one are associated with an intensity post-landfall that was higher than
the initial landfall wind speed. Such events are defined as reintensification cases in this study.
There are also several TCs where the storm intensified at some point after landfall but not up to
the level of its landfall intensity (e.g., 𝑣"%& > 𝑣" ,but 𝑣"%& < 𝑣# ). These are defined as
intensification cases. Here, 𝑣"%& refers to the point in IBTrACS six hours later than the prior
record. We define an Inland Decay Ratio (IDR) to examine these intensification events:
𝐼𝐷𝑅 =

$#%&

Eq. 2.2

$#

The application of LDR and IDR to specific TC events is depicted in Figure 2.2 with Hurricane
Florence and Hurricane Michael from 2018 given as two examples.
2.2.4 Storm Motion and Proximity to the Coast
The storm motion relative to the portion of the coast where the TC makes landfall could
play a role in altering the intensity decay ratio. This study simplified the U.S. coastline into
seven segments (Fig. 2.3), representing the approximate direction of the coastline. An alternative
way of using high-resolution coastline data could provide a more accurate landfall angle relative
to the storm center, but may be less representative when considering the average 34 kt wind
radius (~200 km) for landfalling TCs, based on the HURDAT Extended Best Track Dataset
(Demuth et al. 2006). The Linear Directional Mean toolbox from Environmental Systems
Research Institute’s ArcMap 10.7.1 is employed to measure the compass angle (clockwise from

19

due north) for each segment from the TC track to both coastlines (e.g., the Gulf Coast and the
Atlantic East Coast). The difference (α) yields the relative angle between the coastline and an
individual TC track. The quadrant adjustments listed in Table 2.2 are then applied to convert
each angle to an acute angle.
We note that the angle between the TC track and its landfalling coast might be biased by
TCs tracking in loops or moving directly along the coastline. Therefore, the angle between the
TC track and the proximate coast was also determined. The proximity of the TC to the coast was
measured using the Near Tool from ArcMap 10.7.1.
The translation speed measures how quickly a storm is moving and has been formerly
noted as one of the potential factors influencing TC landfall wind decay (Vickery, 2005). Here
we measure the translation speed using the 6 h distance that the TC has moved and then divide
by the 6 h interval. This calculation is processed in ArcMap 10.7.1 using the equidistant conic
projection to minimize the distance distortion.
2.3 Results
2.3.1 Intensity Decay Ratio
There is considerable variability in the average decay ratio obtained from the three subregions in the first 48 hours after landfall (Fig. 2.4). In terms of the LDR, the mean value of each
6 h interval is used to give a qualitative description of the different TC decay patterns for the
three subdivisions. While we define the first 6 h inland point as landfall, the exact time of
landfall is also available from the Atlantic Oceanographic and Meteorological Laboratory
(AOML; www.aoml.noaa.gov/hrd/hurdat/U.S.hurrs_detailed.html). Since actual landfall time are
not recorded at exact 6 h intervals, we grouped post-landfall times into 6 h bins (e.g., 0–6 UTC;
6–12 UTC), and examine the LDR from both the synoptic landfall time (e.g., 6 h time window
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immediately after landfall) and the actual landfall time using a two-sample t-test. There is no
significant difference (at the 95% confidence level) between the two approaches (p=0.24).
Therefore, we utilize the first 6 h inland point as our landfall definition throughout this
manuscript. We note that the average LDR from the actual landfall point would be slightly
higher due to the grouping approach used. For example, a 6 h point from a synoptic landfall and
a 2 h point from the actual landfall would both be counted in the 0–6 h bin.
For all three regions, the wind speed on average decays by ~20% in the 6 hours following
landfall, with the GM subset decaying slightly faster. The HY subset has the highest LDR in the
first 6 hours after landfall. This finding can be explained by TCs moving across the Florida
peninsula where a portion of the circulation likely remains over the ocean. The GM subset
continues to decay faster than the other regions with relatively lower LDR values for the first 24
hours. This indicates that TCs making landfall in the GM region tend to dissipate more quickly
than those from either the AT region or those crossing multiple regions (HY). However, we note
that the variance of the GM LDR remains high 24 hours after landfall. Since only 3% of
observations in the three subsets fall beyond 42 h (AT: 2; GM: 4; HY: 1), the results during this
timeframe can be influenced significantly by individual TCs (Shaded area in Fig. 2.4). For
example, these results include Alberto (2018), which made landfall over the GM region with a
30 kt intensity but maintained that MSW even 48 hours after landfall. By comparison, the IDR
measures 6 h wind changes regardless of the landfall wind speed. A higher IDR value connotes a
smaller relative wind decrease during a specific 6 h period. Similarly to what was found for
LDR, the AT region has reduced 6 h wind speed decreases in the first 24 hours compared to
either GM or HY.
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The difference in both observed LDR and IDR for the three sub-regions concurs with the
findings from Schwerdt et al. (1979), who applied geographical subsets to the TC decay rate over
the continental U.S. and suggested that TCs making landfall along the Gulf Coast experienced
greater intensity decay. Several previous studies have proposed explanations for the geographical
variations of intensity decay, including the argument that more intense hurricanes decay faster
upon landfall than do weaker storms (Tuleya et al., 1984; Kaplan & DeMaria, 1995). Figure 2.5
compares the distribution of the maximum sustained wind speed of TCs 12 h before landfall, at
the time of landfall, and 12 h after landfall for both the AT and GM region using an interquartile
range (IQR) box plot. The HY subset is excluded from this comparison as storms in this subset
have landfalls in both the GM and AT regions. GM TCs have a higher MSW 12 h prior to
landfall as well as a more compressed distribution with a lower 25% and 75% bound 12 h post
landfall connoting both a lower MSW after landfall and less variation. The wider gap between
the average wind speed 12 h before and after landfall for the GM subset implies that TCs
approaching the GM coastline, on average, were stronger than for the Atlantic East Coast. At the
same time, these TCs also experienced a greater intensity decay after landfall.
2.3.2 Direction of Movement and Proximity to the Coast
Although variations in landfalling TC intensity can serve as one reason explaining
different decay ratios observed geographically, other characteristics such as the direction of
movement and distance to the coast may also be critical controlling factors. TCs moving at a
small angle (0° = parallel) relative to the coast after landfall could potentially maintain a higher
intensity since a portion of the circulation remains over the ocean. Storm angle is obviously a
more important factor when the TC is still near the ocean, while consideration of storm direction
angle would likely be unnecessary once the storm has moved farther inland. We next calculate
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the angle and distance to the nearest coast for each 6 h TC track segment for the three subregions.
Nearly 90% of TCs from the AT subset have a direction of movement that is less than
45° relative to the nearest coast, while more than 50% of TCs in the GM and HY subsets have a
direction of movement that is greater than 45° (Fig. 2.6a). In the GM region, over 45% of TCs
track with a direction of movement greater than 60°. Therefore, TCs making landfall in the AT
region tend to move in a direction that is closer to parallel relative to the coast.
However, we do note that even TCs moving in a direction perpendicular to the coast do not
necessarily undergo faster decay. Over 50% of TCs in the HY subset also have a direction of
movement over 45° but do not show similar decay patterns as those for the GM. The reason that
this is the case is mainly due to the shape of the land over which they are tracking. TCs in the
HY subset are typically tracking across the Florida peninsula, where even a perpendicular
direction of movement relative to the coast may still leave a portion of the TC over the ocean.
The significance of the differences for each sub-region is calculated by a two-sample Z-test
between each pair of sub-regions (Table 2.3). All three region pairs show significant differences
in terms of the distribution of angle relative to the nearest coast.
Our Z-statistic analysis in Table 2.3 suggests that there are also significant differences
between the GM and the other two sub-regions in terms of their distance to the nearest coast.
Here we compare the frequency distribution of the distance to the nearest coast for the three subregions (Fig. 2.6b). We limit the distance to the nearest coast to 200 km because the average 34
kt wind radius from overland TCs, based on the HURDAT Extended Best Track Dataset
(Demuth et al., 2006) is 108 nm, which is ~200km. The 34 kt wind radii is calculated by
averaging the maximum radial extent of 34 kt wind in each of the four quadrants. In the AT
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subset, the distribution of the storm distance to the nearest coast is skewed to the left with over
70% of storm locations within 100 km from the coast. This implies that most TCs making
landfall on the AT are still comparatively close to the coastline for the first 48 hours after
landfall. Given that the translation speed of TCs making landfall on the AT is not substantially
different from those making landfall on the GM (Table 2.4), this also supports the hypothesis
that the observed near-parallel direction of movement relative to the coastline allows for AT TC
weakening to occur at a slower rate. As noted earlier, HY storms track at a direction to the coast
more similar to the GM region but at distances relatively close to the coast (e.g., the Florida
peninsula).
2.3.3 Spatial Distribution
While we have already discussed the decay pattern of the three defined sub-regions, we
now examine a more detailed spatial distribution of the decay ratio. From a hazard perspective,
the spatial pattern is important for providing guidance to inland regions for hazard preparation
when a TC makes landfall. Here we have applied a Gaussian weighted moving average
smoothing to both LDR and IDR over the continental U.S. For each grid, the value is calculated
as:
∑/
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Eq. 2.3

where A is the observed value, r denotes the distance (in degrees) of the A to the center of the
grid. R is the smoothing radius which sets the weight value to near zero when r=R.
Here the smoothing radius is set to isotropic at 2° × 2° resolution, and the output grid size is set
to 0.5° × 0.5°. The check weight value
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≥ 1) is applied to ensure at least one

observation is near the center of the smoothing radius. The standard error is then calculated as
the standard deviation divided by the square root of the number of observations in each grid.
The spatial distribution of the LDR agrees with our earlier findings of stronger decay in
the GM region and weaker decay in the AT region (Fig. 2.7). Most of Florida has an LDR > 0.8.
This implies that TCs making landfall on the Florida peninsula tend to only slowly weaken after
landfall. Both the AT and HY subsets contribute to high values along the east coast of Florida,
while both the GM and HY subsets contribute to the LDR spatial distribution along the Gulf
Coast. We also note that the standard error is relatively low in areas where TCs track more
frequently.
Similarly, the spatial distribution of the IDR remains high along the Atlantic East Coast
with a relatively low standard error except for regions north of North Carolina where the sample
size of TCs is relatively small (Fig. 2.8). Relatively low IDR in the Gulf region implies greater 6
h intensity decay. Areas with values greater than one for LDR and IDR indicate a greater
intensity compared to the landfall intensity and the previous 6 h intensity, respectively. These
areas are found along the Atlantic East Coast, but these findings may not be conclusive, since the
frequency of TCs tracking in these regions is low and are consequently accompanied by higher
standard errors. We also note that the inverse pattern of IDR (e.g., values increase with distance
to the coast) found in the Gulf region does not represent an intensification of TCs but a slower
decay rate due to a weaker initial intensity.
2.4 Discussion
We have already described regional differences in the observed TC intensity decay
pattern as well as its spatial distribution. We now examine how these regional trends impact a
well-known inland decay model.
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2.4.1 KD95 Model
One of the most frequently-used models to simulate TC intensity decay in the continental
U.S. is Kaplan and DeMaria (1995) (KD95). Although several studies have introduced more
comprehensive models which include the mean height of the PBL and show better wind
estimations especially for the first few hours of landfall (e.g., Ding, 2012; Ding et al., 2020), the
KD95 model better serves this study due to its constant decay parameters that are more suitable
for comparative analysis. The general version of the KD95 model estimates the inland TC MSW
(𝑉) as an expression of hours that the storm has been inland (𝑡) following an exponential curve:
𝑉(𝑡) = 𝑉1 + (𝑅𝑉2 − 𝑉1 )𝑒 +3" − 𝐶

Eq. 2.4

where 𝑉1 = 26.7 kt is the background wind speed in kt; 𝑉2 is the landfall wind speed; 𝑅 = 0.9 is a
reduction factor that accounts for a rapid wind speed decrease once onshore; and 𝛼 = 0.095 h-1 is
a decay constant. The model also includes a correction factor 𝐶 to account for possible
underestimation of the TC’s intensity when close to the shoreline and an overestimation when
the TC moves farther inland. This is expressed by:
4

𝐶 = 𝑚 <ln ( )? + 𝑏

Eq. 2.5
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where 𝐷 is the distance inland (km); 𝐷2 =1 km; 𝑚 and 𝑏 are given by:
A

𝑚 = 𝑐0 𝑡(𝑡2 − 𝑡)
𝑏 = 𝑑0 𝑡(𝑡2 − 𝑡)

Eq. 2.6

where 𝑐0 = 0.0109 kt h-2, 𝑑0 = -0.0503 kt h-2 and 𝑡2 = 50 h.
The KD95 model also tested parameters for different regions but suggested a uniform
decay rate model be applied to the entire continental U.S. south of 37° N. Since we observed
non-uniform decay patterns in the three sub-regions, we next apply the general KD95 model to
the framework of this study and evaluate the model errors for the three subsets. Here we
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employed the actual landfall times and wind speed as identified by HURDAT2 for better result
fitting with the KD95 model. Since the landfall wind speed represents the onshore wind speed,
the reduction factor is modified to 𝑅 = 1 to avoid overestimation of the wind decay in the first
six hours of landfall. The model error (Observation – KD95) in terms of the number of hours that
the TC has been inland is shown in Fig. 2.9a. The model error shows a significant upward trend
[0.34±0.04] (kt h-1) as the time that the TC has been inland increases. The trend is also observed
in Figs. 2.9b and 2.9c which depicts the distribution of the LDR error using an interquartile range
box plot. The KD95 model generally has small average errors in the first 12 hours after landfall,
with the error range extending to ±0.5. However, the model mostly underestimates the LDR in
all three sub-regions after 12 hours post-landfall. While the KD95 decay curve is controlled by
the decay constant (𝛼), the underestimation implies the observations may better fit a smaller
value of 𝛼 than the empirical constant 0.095 h-1 as estimated by KD95. Instead of using a
constant 𝛼, Ding et al. (2020) fit seven historical landfalling hurricanes (1992–2008) over the
Gulf of Mexico and proposed a dynamic decay constant (0.02–0.09 for landfall intensity between
Category 1 and Category 3 on the Saffir-Simpson Hurricane Wind Scale) depending on the
pressure deficit between the ambient environment and the central pressure of the hurricane at
landfall.
In addition, recent studies using different approaches have examined Atlantic landfalling
hurricanes and have detected a significant slowdown in inland intensity decay over the past
several decades (Li & Chakraborty, 2020; Zhu & Collins, 2021). Therefore, the decay constant
from KD95 may need to be adjusted by the year that the storm made landfall to better account
for temporal trends in TC inland decay.
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Although the error from the KD95 model in the three sub-regions show some similarities
in terms of underestimated LDR 12 hours after landfall, the GM region is specifically
underestimated, even within 6–12 hours following the point of landfall with nearly 75% of the
errors being positive. Since there are relatively few TC observations greater than 30 hours after
landfall using the criteria specified earlier in our manuscript, comparisons of the three subregions more than 30 hours post-landfall are of little insight.
Kaplan and DeMaria (1995) suggested that regional differences can be accounted for by
differences in landfall intensity. Therefore, besides the number of hours that the TC has been
inland, we also evaluate the LDR error through 30 hours post-landfall stratified by landfall wind
speed (Fig. 2.9c). The LDR error has considerable fluctuations for all sub-regions. However,
errors are relatively large, especially for TCs in the GM with a landfall wind speed between 30–
49 kt. The underestimation of these weak TCs is also noted by Kaplan and DeMaria (1995), as
TCs may retain these relatively weak wind speeds after landfall while the model would yield
even lower winds. This underestimation is also present for hurricanes with an intensity greater
than Saffir-Simpson Hurricane Wind Scale Category 1 intensity (e.g., >82 kt; Simpson 1974).
Comparatively, AT region errors are characterized by an overestimation between 65 and 79 kt
and an underestimation between 80 and 94 kt. The generally random distribution of the error
suggests that TCs making landfall with an intensity greater than 50 kt do not directly impact the
overall accuracy of the KD95 model in predicting the wind decay ratio.
As noted earlier, the AT region shows relative higher average LDR within 12–24 hours
of landfall. However, the KD95 model has a correction factor applied, which accounts for the
underestimation of a TC’s intensity when near the shore and therefore minimizes positive errors.
Since the storm’s direction of movement in the AT is also more frequently parallel to the

28

coastline, the distribution of the model error regarding the direction of movement relative to the
nearest coast can bring more insight into the error variance (Fig. 2.10). The error for the AT
region shows a clustering pattern for TCs tracking with an angle less than 45°, which are TCs
that we noted earlier tended to have a relatively parallel motion close to the coast. We applied a
simple linear regression function using the angle relative to the coast as a predictor for all three
sub-regions. Neither the GM nor the HY subset show significant trends. However, the AT subset
shows a significant downward trend, which connotes that TCs tracking more perpendicular to the
coast have an overall greater wind speed decay after landfall in the AT region. The large spread
in the model errors for the GM region indicates that TC decay in this region is more complicated
than can be explained by a simple linear regression model based on TC trajectory angle.
The KD95 error displayed in Fig. 2.10 for the GM also shows that even TCs tracking
nearly perpendicular to the coast can still be underestimated by the model. The variation of TC
wind speed estimation over the GM sub-region is illustrated using a spatial moving average
smoothing analysis (Fig. 2.11). Using standard error as our skill metric, the estimation of TC
inland wind speed varies considerably over the Gulf of Mexico, with relatively large
underestimates in the western Gulf but relatively small underestimates for the GM region east of
Louisiana.
By comparison, the central and northern portions of the Florida peninsula have
underestimates of wind speed averaging within a range of 2.5–5 kt, with underestimates ranging
from 5–7.5 kt for South Carolina. The KD95 model is capable of estimating the inland wind
within a small range of error. Since TCs making landfall on the Florida peninsula typically have
trajectories relatively close to the coast, the distance correction factor in the model helps
minimize the estimation error.
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The diverse error pattern found in the GM region may be explained by TC inland
translation speed as noted by Vickery (2005). Figure 2.12 depicts the smoothed average of TC
inland translation speed calculated by measuring the distance of each track point over time. It is
worth noting that TCs over the western portion of the Gulf of Mexico have a relatively low
translation speed compared to the eastern Gulf of Mexico. This may help explain the diverse
pattern of model error found for the GM region.
2.4.2. Environmental Factors
While this study only focuses on climatological explanations for TC intensity decay
patterns, land-air interaction could also play a role. For example, through investigation of TC
Abigail in 2001 passing over the northern part of Australia, Emanuel et al. (2008) argued that a
land surface with hot and sandy soil could store enough heat and be able to diffuse heat upward
to maintain or even reintensify a TC when the soil was moistened by rain. Tropical Cyclone Erin
in 2007, which intensified passing over Texas and Oklahoma, shared similar characteristics to
Abigail (Evans et al., 2011). As the sandy land surface in the western Gulf of Mexico is akin to
the northern part of Australia, landfalling TCs could potentially experience a weaker wind decay
than given by model estimates.
Recent research has attempted to understand the role that soil moisture plays in TC inland
decay. Kishtawal et al. (2012) investigated historical landfalling TCs in the U.S. from 1980–
2008. They used different soil parameters to understand relationships between soil characteristics
and TC post-landfall decay rates. They found a strong TC decay rate dependency on soil bulk
density. The study also suggested that higher soil thermal capacity leads to increased heat
transfer from the surface to the atmosphere, causing a reduced rate of TC decay. Anderson and
Shepherd (2017) named this concept the “Brown Ocean” effect to describe a relatively weak
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intensity decay or even reintensification over land. This same “Brown Ocean” effect was found
to influence the rainfall pattern of a tropical system in Louisiana in 2016 (Nair et al., 2019).
The topographic effect has also been noted to impact regional differences in TC inland wind
decay (Bender et al., 1985). Large-scale uneven surfaces such as elevated terrain can affect the
TC by replacing humid air with dry air over the mountains (Bender et al., 1985). Bender et al.
(1987) further argued that when a TC was crossing an area with elevated terrain, advection of
dry air near the mountain tops into the storm could decrease latent heat fluxes, causing a more
disorganized storm structure. The sensitivity of the intensity decay to the surface roughness may
also depend on the strength and size of the landfalling TC (Hlywiak & Nolan, 2021). The
relationship between the surface wind field variability and regional orography has also been
assessed at a global scale (Tan & Fang, 2018), where a comprehensive understanding of inland
wind hazards under different land covers was provided. The relationship is further supported by
the use of an inland TC low-level wind field model that accounts for terrain effects (Done et al.,
2020). Done et al. (2020) showed fairly weak topographic effects for the Gulf of Mexico and the
southeastern U.S. due to relatively flat topography.
The asymmetrical nature of TCs is another potential factor worth investigating in future
studies. The discontinuity in latent heat fluxes from the land surface often changes symmetrical
TCs to asymmetrical TCs post landfall (Chen & Yau, 2003). This asymmetry is more common
for TCs making landfall along the Atlantic Coast where TCs are more likely to be impacted by
the mid-latitude jet stream (Ding et al., 2020). These asymmetrical features can cause a
substantial wind speed difference in different azimuthal directions. Although TC wind speeds for
different quadrants is particularly important for storm surge forecasting (Houston et al., 1999),
storm asymmetries also help identify the most wind-prone regions for inland wind impacts (Kruk
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et al., 2010). While several asymmetrical wind gradient models have been developed by
integrating quadrant wind profiles for near shore wind speed forecasting (e.g., Xie et al., 2006;
Hu et al., 2012), future studies on spatial variations in asymmetrical wind field decay for
landfalling TCs is warranted.
Several studies have noted that TC landfall intensity, along with environmental
conditions, are changing with time (Knutson et al., 2019). This could lead to larger uncertainties
when making estimates using a simple empirical model. Ting et al. (2019) argued that following
the Representative Concentration Pathway 8.5 emission scenario, the reduced strength of vertical
wind shear along the U.S. East Coast would favor intensification of TCs and result in greater
landfalling intensities. Therefore, studies integrating both aspects from a climatological
perspective as well as land-air interaction are required to refine intensity decay estimates over
land. These include, but are not limited to, wind shear, topography, and latent heat fluxes from
the surface. From a temporal perspective, along with increasing sea surface temperature, a slower
decay timescale for landfalling Atlantic hurricanes may have already emerged (Li &
Chakraborty, 2020; Zhu & Collins, 2021). This finding draws heightened attention to the impact
of the changing climate on inland TC damage potential.
2.5 Summary and Conclusions
In this paper, we investigate post-landfall TC wind speed decay patterns for the
continental United States. While previous studies have made attempts to discuss geographical
variations of wind decay patterns, they have often been stymied by a lack of observations. This
study adopts the idea of dividing the U.S. coastline into subdivisions based on Schwerdt et al.
(1979) but splits the coastline of the Florida peninsula into its western and eastern parts. The
western part of Florida is classified as part of the Gulf of Mexico region while the eastern part is
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classified as part of the Atlantic East Coast region. We also incorporate a hybrid region for TCs
that made landfall in both the Gulf of Mexico and the Atlantic East Coast. A landfall decay ratio
algorithm has also been introduced to measure the rate of the wind speed decay relative to the
landfall wind speed. We find a greater average wind speed decay for TCs making landfall on the
Gulf of Mexico coastline relative to the Atlantic East Coast within the first 24 hours. This
finding was also confirmed by comparing the distribution of TC wind speed 12 hours before and
after landfall. The average wind speed for TCs making landfall in the Gulf of Mexico region is
higher in the 12 h pre-landfall and lower in the 12 h post-landfall than for the Atlantic East
Coast. This is also supported by the findings from Tuleya et al. (1984) that TCs with greater
intensity tend to decay faster.
Besides an overall weaker landfall intensity for TCs over the Atlantic East Coast, the
study also confirmed that TCs tracking along the Atlantic East Coast at a trajectory more parallel
to the coast also contributed to the weaker decay rate. We find that the direction of movement
relative to the coast was a key contributor. Tropical cyclones having a greater intensity decay
were mostly due to tracks that were more perpendicular to the coast where dry air from the land
is more likely to impinge upon the system, aiding its weakening. This, however, does not apply
to TCs moving parallel to the coastline.
In addition to comparisons for distinct regions, the study illustrates the general spatial
distribution of the decay ratio. The smoothed wind decay ratio is higher than 80% for most of
Florida. These findings indicate that TCs making landfall in Florida, especially along the east
coast of Florida, tend to weaken relatively slowly when moving inland. From a hazards
perspective, this weak intensity decay can bring devastating damage to inland regions relatively
far from the coast. Therefore, state-wide evacuations in Florida can be easily triggered by
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powerful hurricanes, such as Hurricane Irma in 2017, which resulted in a massive surge of
residents evacuating (Zhu et al., 2020). We do note that the maximum sustained wind speed is
only one of many parameters measuring the intensity of a TC. A recent study showed that
continental U.S. TC-caused fatalities are better correlated with minimum sea level pressure than
maximum sustained wind speed (Klotzbach et al., 2020). However, approximately ~50% of
fatalities from 1963–2012 were from storm surge (Rappaport, 2014), which is a major threat to
coastal cities but generally less of a threat inland.
The KD95 inland wind model is able to capture the weaker TC post-landfall wind decay
along the Atlantic East Coast and Florida peninsula by including a distance correction factor.
However, we found that the error from the KD95 model estimates also has a negative
relationship with the direction of movement for TCs making direct landfall over the Atlantic East
Coast. This relationship is not found for the Gulf of Mexico or hybrid subsets. Instead, the model
error from the Gulf of Mexico shows geographical diversity with an underestimate of inland
wind speed for the western Gulf but a relatively unbiased estimate for the eastern Gulf. These
results could be from the combination of slower TC translation speed and different land surface
types along the Gulf of Mexico, including sandier soil along the western Gulf. Although some
studies have already investigated individual land surface characteristics (e.g., soil moisture) to
explain the decay pattern of landfalling TCs, additional research would be required to combine
these characteristics to be able to explain variations of TC wind decay after landfall. Since land
cover is quite different for the Gulf of Mexico, the Florida peninsula, and the Atlantic East
Coast, this could help improve the accuracy of the TC intensity decay model and improve
estimates of inland wind speed to mitigate potential destruction. Other characteristics of
landfalling TCs not covered in this study including asymmetrical features and topographic
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effects should also be examined in future studies. Additionally, the intensity of landfalling TCs
as well as their direction of movement are also affected by changing environmental conditions in
the North Atlantic (e.g., Collins & Roache, 2017; Ting et al., 2019; Zhu & Collins, 2021). Thus
temporal alterations in large-scale conditions should also be considered, especially given the
changing climate.
2.6 Data Availability Statement
The IBTrACS version 4 data were obtained online at: https://www.ncdc.noaa.gov/ibtracs/
The HURDAT Extended Best Track Dataset were obtained online at:
http://rammb.cira.colostate.edu/research/tropical_cyclones/tc_extended_best_track_dataset/.
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2.8 Tables
Table 2.1. Number of tropical cyclones for each of the three sub-regions investigated (AT, GM and HY),
along with the number of six-hour track points and the respective intensities of the six-hour track points.
Inland Tropical Cyclones
Region

# of TCs

6 h Track Points

AT
GM
HY

16
45
10

67
166
61

6 h Track Point Intensities
Tropical
Hurricane
Storm
11
39
20
88
12
33

Tropical
Depression
17
53
16

Subtropical
Storm
0
5
0

Table 2.2. Quadrant adjustments made to convert each storm trajectory angle to an acute angle.
|α|
[0,90)
[90,180)
[180,270)
[270,360)

Quadrant Adjustment
|α|
180 − |α|
|α| − 180
360 − |α|

Table 2.3. Result of the Z-statistic analysis performed for testing the significance of the distribution
difference between the regions.
Angle Relative to the Nearest Coast
Region Pair

Z statistic

*

p-value

Z statistic

≪0.05
≪0.05
0.008

*

AT, GM
AT, HY
GM, HY

Distance to the Nearest Coast

6.98
3.66*
2.39*

p-value
≪0.05
0.43
≪0.05

*

3.43
0.18
3.11*

significant at the 95% confidence level

Table 2.4. Average values of inland wind speed, LDR, IDR, storm angle, distance, and translation speed
for each of the three regions examined: AT, GM and HY.
Region
AT
GM
HY

Inland Wind Speed (kt)

LDR

IDR

Angle (°)

Distance (km)

42.5
38.4*
43.8

0.76*
0.68
0.74

0.90*
0.84*
0.89

31.0**
55.3**
45.1

115.0*
168.0*
111.6**

**
*

Translation Speed (m s-1)

significant at the 95% confidence level by a t-test paired with the overall average
significant at the 90% confidence level by a t-test paired with the overall average
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5.5
5.4
4.5**

2.9 Figures

Figure 2.1. (a) Geographical representation of the delineation between the Gulf of Mexico subdivision
(GM) and the Atlantic (AT) subdivision. (b) Tracks of TCs making landfall in the AT subdivision. TC
tracks prior to landfall or when a TC has reemerged into the ocean are displayed in lighter colors. (c) As
in panel b for GM landfalls. (d) As in panel b but for hybrid landfalls (e.g., TCs that made landfall in
both the GM and AT subdivisions).
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Figure 2.2. Sketch of LDR and IDR with Hurricane Florence and Hurricane Michael from 2018 as
examples. a) Spatial view of the inland MSW within the first 24 h of landfall with arrows showing the
direction of movement; b) LDR and IDR as representations of inland MSW changes.

Figure 2.3. Seven coastal segments (yellow) representing the approximate direction of the coastline.
Black arrows represent tracks of landfalling TCs.
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Figure 2.4. Average continental U.S. TC landfall wind speed decay ratio as a function of time (standard
deviation shown by the error bar) for the AT, GM and HY regions. Only 3% of TC observations are
included in the shaded region, and consequently, these time steps have large uncertainty. a) Landfall
Decay Ratio (ratio measured relative to the landfall wind speed); b) Inland Decay Ratio (ratio measured
relative to the previous 6 h wind speed).
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Figure 2.5. Distribution of the maximum sustained wind speed from 12 h before landfall, at the time of
landfall, and 12 h after landfall for the AT and GM regions. Outliers with values greater than Q3 + 1.5 ´
IDR or less than Q1 - 1.5 ´ IDR are removed.
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Figure 2.6. Frequency distribution for the AT, GM and HY subsets for a) TC trajectory angle; and b) TC
proximity to the nearest coast with the maximum distance to the coast limited to 200 km.

Figure 2.7. LDR spatial distribution (0.5° × 0.5°) using: a) 2° × 2° Gaussian smoothing; b) Standard error
of the LDR spatial distribution.
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Figure 2.8. As in Figure 2.7 but for IDR.
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Figure 2.9. (a) MSW differences between observations and KD95 model output in terms of inland hours.
The solid line represents the linear regression fit. The blue dashed line depicts the 95% confidence bound.
(b) Box and whisker plot showing the KD95 model error for LDR based on hours inland. (c) As in (b) but
for MSW at landfall. The gray area highlights MSW at Category 1 and above on the Saffir-Simpson
Hurricane Wind Scale. The numbers listed under each bar indicate the number of TCs in a particular
sample.

46

Figure 2.10. KD95 model error for LDR based on the direction of movement relative to the nearest coast.
Linear regression trends are displayed with a solid line; Dashed lines represent the 95% confidence
bound.
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Figure 2.11. Spatial distribution of the KD95 model error using a) 2° × 2° Gaussian smoothing. b)
Standard error of the KD95 model error.

Figure 2.12. As in Figure 2.11 but for TC translation speed.
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CHAPTER THREE:
RECENT REBOUNDING OF THE POST-LANDFALL HURRICANE WIND DECAY
PERIOD OVER THE CONTINENTAL UNITED STATES
This chapter is based off the published paper: Zhu, Y. -J., & Collins, J. M. (2021). Recent
rebounding of the post-landfall hurricane wind decay period over the continental United
States. Geophysical Research Letters, 48, e2020GL092072.
https://doi.org/10.1029/2020GL092072

Abstract
The hurricane post-landfall wind speed decay is closely linked to the inland damage
potential. We introduce wind decay period as a new metric for assessing the time required for a
landfalling hurricane to weaken below tropical storm strength. In the continental United States,
the wind decay period generally decreased from 1900–1979 but significantly increased during
1980–2019. The 120-year trend pattern of the wind decay period has been found to be correlated
with the Atlantic Multidecadal Oscillation. Meanwhile, we show that the storm’s distance of
movement is not changing simultaneously with the decay period due to the variance of storm
translation speed. The spatial variation of the wind decay is also confirmed. While the majority
of historical Gulf landfall hurricanes decayed below tropical storm strength, landfalling
hurricanes over Florida in particular, tend to cross the peninsula retaining wind speeds greater
than 34 kt.
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3.1 Introduction
Landfalling hurricanes (tropical cyclones (TCs) with a maximum sustained wind speed
(MSW) ≥ 64 kt) contribute to significant life and economic losses in the United States. Although
coastal cities typically experience the largest impacts from a hurricane including strong winds,
heavy rainfall and storm surge, hurricanes moving inland can also bring substantial damage from
strong wind and torrential rains (Rappaport, 2000). Once hurricanes are over land, they weaken
due to the loss of thermal and moisture supply. High wind speeds associated with TCs also
exponentially diminish after landfall under ideal conditions where the land surface is assumed
cool and dry (Kaplan & DeMaria, 1995; DeMaria et al., 2006). However, in real-world cases,
hurricane wind speed decay does not strictly follow an ideal exponential curve but depends on
environmental conditions (Kishtawal et al., 2012; Andersen et al., 2013). Since several studies
have demonstrated the power-law relationship between MSW and hurricane economic losses
(e.g., Murnane & Elsner, 2012; Zhai & Jiang, 2014), hurricanes having a weak intensity decay
over land could bring more potential damage to inland regions.
The wind decay of hurricanes making landfall over the continental U.S. was described by
an empirical model (Kaplan & DeMaria, 1995). However, the empirical model is dependent on
the landfalling MSW. A comparative analysis of TC inland wind decay could be biased by the
occurrence of intense TCs. While spatial variation is also found for TCs making landfall along
different portions of the U.S. coast (Malkin, 1959; Kruk et al., 2010), the temporal variation of
hurricane inland wind decay has not been a focus of studies, until a recent paper applied a decay
timescale and showed that the first-day wind decay rate from a typical landfalling hurricane in
the North Atlantic is 40% less now compared to those in the 1960s (Li & Chakraborty, 2020).
Although the first-day slower decay of landfalling hurricanes has raised concerns of greater
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potential TC inland wind hazards in a changing climate, it may also relate to long-term climate
modes. In addition, the destructive forces from a hurricane can be sustained days after landfall
and penetrate far inland. Consequently measuring the temporal variation of hurricane wind decay
without a constant time constraint could provide better insight from a hazard perspective.
Therefore in this study, we introduce the wind decay period as a new metric describing the
longevity of an inland moving hurricane during its intensity drop from a Saffir-Simpson
Hurricane Wind Scale (SSHWS) Category-1 (≥ 64 kt) to below TS intensity (< 34 kt). Hurricane
records back to 1900 are employed to explore the potential relationship between hurricane inland
wind decay and long-term climate modes. In order to consider distance of inland wind
penetration, the TC pathway during the fixed wind speed changes is also obtained by a decay
distance.
3.2 Materials and Methods
3.2.1 Data
The inland TC data for the continental U.S. are from the National Hurricane Center’s
North Atlantic Hurricane Database (HURDAT2; Landsea & Franklin, 2013) as archived in the
International Best Track Archive for Climate Stewardship (IBTrACS;
https://www.ncdc.noaa.gov/ibtracs/) version 4 (Knapp et al., 2010). The dataset reports TC
MSW at each 6 h interval and utilized data through the 2019 hurricane season for this chapter.
Due to the lack of satellite imaginary prior to 1966, some open ocean TCs might be missing from
the dataset (Truchelut & Hart, 2011; Truchelut et al., 2013). However, landfalling TCs in the
continental U.S. are considered relatively reliable since 1900 (Landsea et al., 1999; Landsea,
2007). This study therefore uses landfalling TC data since 1900. It should be noted however that
even with this relatively reliable period post 1900, data accuracy has steadily improved through
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the years due to increasing density of weather stations along the coast and better satellite
technology. Therefore, the accuracy of the data, along with the analyses outcomes, should be
considered in this context of data reliability.
Filtering inland moving hurricanes follows the criteria used by Li and Chakraborty
(2020) with some modifications. The MSW of the first inland point should be greater than or
equal to SSHWS Category-1 (≥64 kt). Second, for each landfalling hurricane, at least two
consecutive TC tracking points inland were required. While extratropical transition is known to
impact TC intensity when moving into high latitudes (Evans & Hart, 2003), this study excludes
extratropical cyclones. When treating multi-landfall hurricanes, each landfall counts as a separate
event if it meets the above criteria. A total of 108 hurricanes (112 landfall events) were selected
based on the filtering procedure described here.
3.2.2 Wind Decay Period and Decay Distance
Instead of using the wind decay rate, we are interested in the time period for inland
moving TCs to undergo a fixed intensity drop. Hence, we introduce the decay period as a metric
that counts the time required for a TC to decay from the defined upper MSW to the defined
lower MSW. A hurricane’s decay period after landfall is then expressed as the time difference
(Tupper–lower) between its upper and lower defined MSW:
𝑇566(7+89:(7 = 𝑡89:(7 − 𝑡566(7

Eq. 3.1

We note that since the hurricane track is recorded in 6 h intervals, the upper or lower bound
MSW may not occur exactly at a 6 h interval but at a time between. To address this issue, we use
the exponential decay function as it is widely agreed to describe the general TC inland intensity
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decay (Kaplan & DeMaria, 1995; Vickery, 2005). To find the corresponding time (𝑡 ; ) of the
desired wind speed (𝑣" 3 ), we obtain 𝑡 ; by the two known nearest 6 h observations 𝑣2 and 𝑣" :
𝑡 ; = [ln(𝑣2 ) − ln(𝑣" 3 )]𝑡⁄[ln(𝑣2 ) − ln(𝑣" )]

𝑡 = 6; 𝑡 ; ∈ (0, 𝑡)

Eq. 3.2

The thresholds of the TC intensity reaching TS and SSHWS Category 1 hurricane
strength are 34 kt and 64 kt, respectively. Since the TC data are recorded in a 5 kt increment, we
define 35 kt as the lower and 65 kt as the upper bound for the analysis. The T65–35 describes the
dissipation of a TC from hurricane intensity to below TS stage. Inland moving hurricanes with
higher T65–35 indicate longer durations at TS intensity, thus likely resulting in higher potential
damage.
The distance of a TC moving over the continent can be measured by summing the length
of the trajectory between each 6 h observation. By acquiring the 𝑡 ; from the above calculation,
the distance the storm moved during the inland decay period T65–35 can also be obtained. We
define it as the decay distance.
It is worth noting that not all of the landfall events from this study met the requirement to
make the calculations just described. An inland moving TC could transition to an extratropical
system or turn back to the ocean before the intensity drops below 35 kt. For example, 2016
Hurricane Hermine made landfall with an MSW of 70 kt, but it maintained a 50 kt intensity for
30 hours of movement inland before its transition to an extratropical cyclone and movement back
over the Atlantic Ocean. There are 35 out of 112 total landfall events from the data that are
exempted from the decay period and decay distance calculation.
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3.3 Results
3.3.1 Spatial Distribution of Hurricane Landfall Decay
The TC pathway is critical in terms of spatially understanding TC intensity changes over
land. Figures 3.1a and 3.1b delineate trajectories of hurricanes making landfall over the
continental U.S. during the study period. For each hurricane moving inland undergoing the 65–
35 kt decay period, the line segment between the pair of the upper (65 kt) and lower (35 kt)
bounds of the MSW represents the decay distance (Fig. 3.1a). In comparison, Figure 3.1b shows
hurricane landfall events in which the inland MSW did not drop to below 35 kt. These events are
highly clustered over the Florida peninsula and along the Atlantic East Coast. Lack of dry air
intrusion from a small landmass causes hurricanes following an east-west trajectory over Florida
to exit the peninsula before dissipating below TS intensity (Zandbergen, 2009). Also, hurricanes
moving in a direction parallel to the coastline, especially over the Atlantic East Coast, may
maintain their intensity due to a higher portion of the hurricane being located over the ocean
while the center is inland (Schwerdt et al., 1979).
The observed spatial pattern is also presented by grouping all landfall events into each
coastal state (Fig. 3.1c). Figure 3.1d shows for each coastal state, the percentage of hurricane
landfall events for which the inland TC MSW did not drop below TS level. Coastal states from
the Gulf Coast have either a lower percentage (Louisiana) compared to the Atlantic East Coast,
or no event (Texas, Mississippi, and Alabama) when considering landfalling hurricanes that
maintained an inland MSW above 35 kt.
By contrast, considering the high frequency of occurrences, hurricanes making landfall
over Florida (with 34 landfall events, see Fig. 3.1c) has more than 50% of hurricanes maintain
MSW above 35 kt. Even for landfall events that eventually dropped below 35 kt (blue dots in
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Fig. 3.1a), only 1950 Hurricane Easy fell below 35 kt within the state. This highlights the
concern for potential destructive wind damage for the entire Florida Peninsula given its prevalent
weak intensity decay.
3.3.2 Time Series of Decay Period
To examine the temporal trend of inland hurricane MSW decay, we begin by calculating
the decay period and the decay distance of 65–35 kt from the 77 landfall events depicted in
Figure 3.2. By setting three standard deviations (s.d.) from the mean as the threshold for large
abnormal values, two outliers are removed from the decay period set (Fig. 3.2a) while three are
removed from the decay distance set (Fig. 3.2b). It is noted that outliers from the decay period do
not overlap with those from the decay distance; we remove all five outliers as noted here to
maintain the same data size for both data sets.
The decay period from the 72 landfall events is then averaged in the given year to build
the time series (Fig. 3.3a). There is no significant linear trend throughout the whole 120-year
period. However, fitting with locally estimated scatterplot smoothing (LOESS; Cleveland, 1979)
shows a downward trend pattern with a fluctuation during 1900–1979 but a strong positive spike
after 1980. To test the significance of the decadal trend, the time series is split into three sections,
with each section containing a 40-year period (Fig. 3.3b). The least-square linear regression trend
is applied to each section. Both 1900–1939 and 1940–1979 period show significant downward
trends at 95% confidence. In comparison, the positive spike of the decay period during 1980–
2019 is also statistically significant. This indicates hurricanes making landfall over the
continental U.S. are experiencing an upward trend in decay period in more recent years. The
observed increasing decay period during the last 40 years draws attention to the longevity of the
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landfalling hurricane as the potential losses from a landfalling hurricane are exponentially related
to the MSW (Zhai & Jiang, 2014).
The trend pattern from the time series also draws attention to whether such a pattern is
related to climate modes. The Atlantic Multidecadal Oscillation (AMO) describes long-term
changes in North Atlantic sea surface temperature (SST) anomalies. Since the positive AMO
phase has been related to more active Atlantic hurricane seasons (e.g., Vimont & Kossin, 2007;
Klotzbach et al., 2018), we use the monthly AMO index provided by the NOAA Physical
Sciences Laboratory (PSL; https://psl.noaa.gov/data/timeseries/AMO/) to examine a possible
correlation. We averaged the AMO index from May to November to compile the seasonal mean
of the AMO index. As there are gap years from the decay period time series, we applied an 8year block average to both the decay period time series and the seasonal AMO index to allow
paired correlation analysis and remove the noise. While the AMO index already has the longterm trend removed, we also removed the 120-year trend for the decay period.
Figure 3.3c shows the superposed detrended decay period and the AMO index from 1900
to 2019, with the year on the x-axis representing a middle position of the 8-year block (e.g., 1980
represents years from 1977–1984). The years 1914 and 1920 were both observed as one of the
lowest negative AMO values (Klotzbach & Grey, 2008), while the recent positive phase was
argued to have a strong weakening since 2013 (Klotzbach et al., 2015). Such turning points are
also shown with the 1916 and 2012 block in the AMO 8-year block average (Fig. 3.3c).
Therefore, the correlation analysis considers the years between the 1916 (1913–1920) and 2012
(2009–2016) block-average positions to cover a full cycle of the AMO. The strength of the
correlation is reported by Kendall’s tau (non-parametric) at 5% significance. The significance of
the Kendall rank correlation is more robust than its alternative Spearman rank correlation,
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especially for a small sample size (Croux & Dehon, 2010). The correlation between the decay
period and the AMO index shows a positive and significant relationship between variables (Fig.
3.3d). It is worth noting that the significant correlation only represents one AMO cycle with one
positive and negative phase.
By comparison, a strong correlation between first-day decay timescale and SST was
claimed by Li & Chakraborty (2020). The proposed reason was that hurricanes passing over
warmer SSTs store greater storm moisture, and high storm moisture helps slow down intensity
decay. Since the AMO describes the anomaly of decadal variation in SST, our result also
supports the positive relationship found between SST and the rate of inland hurricane wind
decay.
3.3.3 Time Series of Decay Distance
Following the same procedures as for the decay period, time series for the decay distance
are also constructed. Similar to the decay period time series, the decay distance shows a nonsignificant downward trend through the entire time span (Fig. 3.4a). The trend from the decay
distance shows a similar pattern, with the trend found in the decay period found for the three subseries, but not significant at the 5% level (Fig. 3.4b). The detrended decay distance and the AMO
index shows a moderate correlation but is not significant at the 5% level (p=0.13). While the
decay period and the decay distance are considered proportional to each other, the possible
causes of the non-significance of the decay distance could be a result of the storm’s translation
speed.
Considerable attention on TC translation speed has occurred more recently in the
literature as Hurricane Harvey created devastating impacts due to its longevity over Texas (e.g.,
Zhang et al., 2020; Moon et al., 2019). Although the observed trend on a global scale remains
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inconclusive (Kossin, 2018; Kim et al., 2020), under anthropogenic climate change, landfalling
TCs on the Gulf Coast will likely experience a shift to a faster translation speed in the late 21st
century due to northward meridional steering winds over the northern Gulf region (Hassanzadeh
et al., 2020). By comparison, Hall and Kossin (2019) showed that the frequency of stalling
events is increasing near the coast of the U.S. By employing a simple linear regression over the
yearly averaged translation speed, no significant trend is found in each 40-year subset (Fig. 3.5a).
While this seems to contradict Hall & Kossin (2019), the translation speed here only considers
tracks within the 65–35 decay period and therefore could cause the noted difference.
By plotting each storm’s translation speed presented by the decay distance against the
decay period, Figure 3.5b depicts the variation of decay distance with a given decay period. The
mean translation speed is indicated by the slope of the diagonal line. The faster (slower)
translation speed is determined by how far the landfall event is above (below) from the average.
In 1940–1979, two landfall events falling above the +2 s.d. threshold indicate faster-moving
speeds than the average translation speed. In the 1980–2019 period, two extremely slow-moving
landfall events (Hurricane Harvey and 2018 Hurricane Florence) fell below the -2 s.d. These
extreme events along with the variations of translation speed give a possible explanation of the
lack of statistical significance found from the trend of the decay distance. A hurricane with a
long decay period does not necessarily have a long decay distance.
3.4 Conclusions
The focus of this article is on temporal variations of inland wind decay of landfalling
hurricanes over the continental U.S. from 1900–2019. With the decay period and decay distance
introduced as new diagnostic parameters, the manuscript examines the long-term changes of a

58

hurricane’s inland wind speed decay and provides a discussion of the potential physical
mechanisms.
First, from a spatial perspective, we found both the Florida peninsula and the Atlantic
East Coast have a considerable number of landfalling hurricanes that did not have an MSW drop
below TS strength before transiting to an extratropical cyclone or turning back to the ocean. This
confirms the existence of spatial variations of post-landfall hurricane wind decay along the U.S.
coast (Kruk et al., 2010). An east-west track trajectory with a lack of dry air intrusion from a
small landmass, or the direction of movement parallel to the coast, may be the cause.
Next, we showed that the decay period of landfalling hurricanes over the U.S. coast, in
general, significantly decreased prior to 1980 but significantly rebounded thereafter. This trend
shows a moderate correlation with the AMO index and provides support to the recent study
showing the warmer SST contribution to slower decaying hurricanes (Li & Chakraborty, 2020).
However, this relationship only represents one AMO cycle (due to the limitation of reliable
landfalling hurricane data), and future studies are encouraged to include future cycles.
By comparison, the decay distance shows a non-significant change throughout the study
period, which is not consistent with the decay period. The large variation in the translation speed
represented by the ratio of 65–35 kt decay distance and the decay period provides a possible
explanation. The occurrence of extremely slow-moving hurricanes during the 1980–2019 period
suggests an important role for TC translation speed over land in determining the pathway of TC
intensity decay. The concept of inland decay in terms of both time and distance may be useful for
inland hazard mitigation and worth expanding to a global scale for future studies.
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3.5 Data Availability Statement
All original data used in this study are publicly available. The inland TC data were
achieved from the International Best Track Archive for Climate Stewardship version 4
(IBTrACS; https://www.ncdc.noaa.gov/ibtracs/); The AMO index data are available from NOAA
Physical Sciences Laboratory (PSL; https://psl.noaa.gov/data/timeseries/AMO/).
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3.7 Figures

Figure 3.1. (a) Inland hurricane trajectory with 65 kt and 35 kt as the defined bound of the intensity
decay; (b) Inland hurricane trajectory for landfall events that did not decay below 35 kt. The locations
with MSW at 65 kt and the last inland locations at TC status are marked with red and grey respectively;
(c) Number of landfall events by state; (d) Percentage of landfall events that did not decay below 35 kt.
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Figure 3.2. Distributions of (a) decay period and (b) decay distance over 1900–2019. Outliers defined by
the 3 s.d. threshold are highlighted with solid dots.
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Figure 3.3. Yearly averaged decay period time series with the linear regression trend reported at the 95%
confidence level. The trend is displayed with a blue solid line. Dashed lines represent the 95% confidence
interval. (a) Linear regression trend applied to the entire dataset. The solid red line depicts the LOESS; (b)
120-year time span divided into three 40-year subsets with the linear regression trend applied. (c)
Overlaying the 8-year block average of the detrended decay period with the seasonal AMO index. Solid
lines depict the data used for the correlation analysis; (d) Correlation between the rank of the detrended
decay period and the seasonal AMO index.
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Figure 3.4. As in Figure 3.3 but for the decay distance.
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Figure 3.5. (a) Time series of the yearly-averaged translation speed during the period when MSW
decreases from 65 kt to 35 kt. The linear regression trend is displayed with the blue solid line. Dashed
lines represent the 95% confidence interval. (b) Translation speed of landfall events displayed by the ratio
between the decay distance and the decay period. The solid diagonal line shows the average translation
speed. The dashed lines represent the spread of each landfall events away from the overall mean
translation speed.
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CHAPTER FOUR:
NEARSHORE HURRICANE INTENSITY CHANGE AND POST-LANDFALL
DISSIPATION ALONG THE UNITED STATES GULF AND EAST COASTS
This chapter is based off the published paper: Zhu, Y. J., Collins, J. M., & Klotzbach, P.
J. (2021). Nearshore hurricane intensity change and post‐landfall dissipation along the United
States Gulf and East Coasts. Geophysical Research Letters, 48(17), e2021GL094680.
https://doi.org/10.1029/2021GL094680

Abstract
Intensification and dissipation of a hurricane before and after landfall, respectively, are
crucial for coastal and inland risk potential. This study examines the relationship between
intensity change prior to landfall and post-landfall dissipation. The relative difference of 24 h
accumulated cyclone energy generated before and after landfall is defined as the landfall
dissipation rate. This study focuses on the continental United States and shows that the 24 h
hurricane landfall dissipation rate is significantly negatively related to the 24 h intensity change
before landfall. This implies hurricanes undergoing rapid intensification before landfall weaken
at a slower rate after landfall. The decay rate is also positively correlated with landfall intensity
but is less certain for Category 4–5 hurricanes (>112 kt). The relationship between near-shore
wind change and post-landfall decay is not equally distributed along the U.S. coast, with prelandfall intensification more common along the Gulf Coast and a landfall dissipation rate that
varies.
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4.1 Introduction
Hurricanes undergoing intensification immediately before landfall can cause devastating
losses of both life and property. For example, Hurricane Audrey in 1957 intensified from
maximum sustained winds (MSW) of 80 kt to 110 kt in less than 20 h, causing more than 400
deaths in Louisiana and Texas due to inadequate preparation for coastal areas (Blake et al.,
2011). At nearly the identical landfall location, Hurricane Laura in 2020 underwent a 40 kt rapid
intensification in the 24 h prior to landfall (Pasch et al., 2021), bringing heavy damage to
southwestern Louisiana (NOAA, 2021). Meanwhile, the deadly reach of hurricanes can also
penetrate far inland. For example, Hurricane Michael in 2018 not only underwent rapid
intensification, from 100 kt to 140 kt in the 24 h before landfall, but maintained tropical stormforce winds even 24 h after landfall, resulting in devastating damage to inland infrastructure
(Beven et al., 2019). Hurricane Isaias in 2020 caused widespread damage along the U.S. East
Coast due to its slow decay (Latto et al., 2021). Therefore, understanding hurricane MSW change
rates before landfall and intensity dissipation rates after landfall are of critical importance for
improved hurricane risk mitigation.
For hurricanes impacting the continental United States, high ocean heat content along
with deep mixed layers in the Gulf are favorable for hurricane intensification prior to landfall
(Rappaport et al., 2010), while hurricanes located in the western Atlantic near southeast Florida
may intensify when encountering the warm Gulf Stream (Nguyen & Molinari, 2012).
Following landfall, the intensity of a typical hurricane is estimated to follow an
exponential decay function (Kaplan & DeMaria, 1995). However, the actual inland dissipation
rate also varies spatially and temporally (Kruk et al., 2010; Li & Chakraborty, 2020; Zhu et al.,
2021). Tropical cyclones making landfall over the Gulf Coast typically are expected to decay
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faster than those making landfall over the Florida peninsula and along the Atlantic East Coast
(Schwerdt et al., 1979; Ho et al., 1987). The spatial variation in post-landfall decay is driven by
multiple aspects including, but not limited to, landfall intensity (e.g., Tuleya et al., 1984), landair interaction (e.g., Andersen & Shepherd, 2017), and topographic effects (e.g., Done et al.,
2020).
Both pre-landfall hurricane intensity change and post-landfall intensity decay along the
U.S. coast show strong spatial variations. Improved understanding of both aspects are crucial for
hurricane risk mitigation. However, most studies to date have discussed only one of these two
stages. Therefore, this study examines the relationship between intensity changes prior to landfall
and the post-landfall dissipation rate for landfalling hurricanes in the continental United States.
Of particular interest are spatial variations in these relationships.
4.2 Materials and Methods
4.2.1 Data
Track and intensity data for continental United States landfalling hurricanes for the 1900–
2019 period were obtained from the National Hurricane Center’s (NHC’s) North Atlantic
hurricane database (HURDAT2; Landsea & Franklin, 2013) as archived in the International Best
Track Archive for Climate Stewardship (IBTrACS) version 4 (Knapp et al., 2010; Knapp et al.,
2018). The dataset provides 1-min averaged MSW intensity estimates at 6 h intervals. Only
hurricanes making landfall in the continental U.S. are considered in this study. While some open
ocean TCs might be missing from HURDAT2 due to the lack of satellite imagery prior to 1966,
landfalling TCs in the continental U.S. are considered relatively reliable since 1900 (Landsea et
al., 1999; Landsea, 2007; Truchelut et al., 2013). However, data accuracy has likely continued to
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increase through the years with improved satellite technology and an increasing number of
coastal weather stations.
We also note that a hurricane’s landfall often occurs between synoptic 6 h intervals. This
study employs data from the Atlantic Oceanographic and Meteorological Laboratory (AOML;
https://www.aoml.noaa.gov/hrd/hurdat/UShurrs_detailed.html) as a supplement to identify the
exact landfall intensity, time, and location. We note that explicit landfall points at the time of this
study are not identified in either HURDAT2 or AOML from 1966–1982. For landfalls during
that time, we use the hurricane’s intensity at its six-hourly point prior to landfall as its landfall
intensity. Since this study focuses on the 24 h period before and after the hurricane makes
landfall, the data set is further filtered to include landfalling hurricanes with at least four
continuous track points (each 6 h) over the ocean right before landfall and another four inland
observations right after landfall. A total of 102 hurricane events are included in this study after
all of these criteria are applied.
4.2.2 MSW Change Rate
Whether a hurricane has undergone intensification or weakening before landfall can be
determined by the MSW hourly change rate (𝑟<=> ). The conventional approach for defining TC
intensification change is by the change of MSW in a 24 h period (Kaplan & DeMaria, 2003;
Kaplan et al., 2010). However, data points before landfall are recorded at 6 h intervals while the
exact landfall time is not. Therefore, we measured the 𝑟<=> by the MSW and the time difference
between the landfall point and the fourth synoptic point prior to landfall:
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Eq. 4.1

where 𝑣 is the MSW in knots and 𝑇 is UTC time. The value of the divisor 𝑇(") − 𝑇("+,) can
range from 18–24 hrs. The 𝑟<=> gives the MSW change as an hourly rate, with intensifying
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hurricanes having positive values and weakening hurricanes having negative values. The 𝑟<=>
follows an approximately normal distribution (Fig. A1a).
We note that many landfalling hurricanes have near-zero 𝑟<=> . In addition to
intensifying and weakening hurricanes, we also create a third category for hurricanes with nearzero 𝑟<=> . We set 𝑟<=> = ±0.25 kt h-1 as the threshold to distinguish weakening (𝑟<=> < -0.25
kt h-1; 25 events), neutral (-0.25 kt h-1 £ 𝑟<=> £0.25 kt h-1; 34 events), and intensifying (𝑟<=> >
0.25 kt h-1; 43 events) landfalling hurricanes.
4.2.3 Post-Landfall Dissipation Rate
Accumulated cyclone energy (ACE; Bell et al., 2000) has been commonly applied as a
metric to quantify seasonal TC activity (Villarini & Vecchi, 2012; Collins & Roache, 2017) and
has also been applied to landfalling activity (Truchelut & Staehling, 2017). ACE is defined as the
sum of the square of MSW, when MSW is at least 34 kt and the TC is not extratropical:
$-

𝐴𝐶𝐸 = ∑ 02(

Eq. 4.2

where 𝑣 is the MSW measured at 6 h intervals. The relative difference of the ACE between 24 h
after landfall and 24 h before landfall reflects the dissipation effect from an energetics
perspective. We define the landfall dissipation rate (LFDR) as:
𝐿𝐹𝐷𝑅 = 1 − 𝐴𝐶𝐸(%B,C) ⁄𝐴𝐶𝐸(+B,C)

Eq. 4.3

where ACE(+24h) is calculated from the four consecutive synoptic data points following landfall,
while ACE(-24h) is from the four consecutive synoptic data points before landfall. The nonsynoptic landfall points are therefore not involved in this calculation to keep ACE before and
after landfall within the same time frame. Hurricanes with higher LFDR indicate relatively
greater dissipation following landfall. The distribution of LFDR is slightly left-skewed with
~58% of landfalling hurricanes falling above the average (Fig. A1b).
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Since we want to consider both the pre- and post-landfall stages in this study, we find that
LFDR is more suitable for describing the full impact of the hurricane landfall process as opposed
to simply examining inland decay (e.g., Li & Chakraborty, 2020; Zhu & Collins, 2021). The
correlation between ACE(-24h) and ACE(+24h) is evaluated using a Kendall’s tau (non-parametric)
test at the 5% significance level (Fig. 4.1). For hurricanes that intensified within 24 h before
landfall, the strong correlation between pre- and post-landfall 24 h ACE indicates that strong
hurricanes before landfall are likely to remain relatively intense after landfall. The correlation is
relatively weak, albeit significant, for those whose intensity changed little prior to landfall. The
correlation is very weak and insignificant for hurricanes that underwent weakening prior to
landfall. This implies that an intense but weakening hurricane may decay faster relative to
weaker hurricanes.
4.3 Effect of Intensification/Weakening on the Landfall Dissipation Rate
We next examine the difference in hurricane MSW during the 24 h pre- and post-landfall
period. By standardizing MSW relative to the landfall wind speed, Figure 4.2a depicts MSW
changes before and after landfall from the 102 hurricane events. Whether a storm is intensifying,
neutral, or weakening within the 24 h period before landfall is distinguished by the three 𝑟<=>
categories. Although the standardized MSW from the three 𝑟<=> categories show large
variations before landfall, the patterns are mixed during the post-landfall period. This suggests
that the standardized MSW from a hurricane after landfall is weakly dependent on the behavior
of MSW before landfall.
Of particular relevance to the potential inland wind hazard is the decay of hurricane
intensity after landfall. Since the LFDR describes the effect of landfall on hurricane intensity
dissipation, it is critical to understand whether this dissipation has a relationship with MSW
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changes before landfall. We find a significant (at the 5% level) downward trend of the LFDR
with increasing 𝑟<=> , while the Kendall’s correlation test suggests a significant association
between 𝑟<=> and LFDR (Fig. 4.2b). Hurricanes that underwent intensification in the 24 h prior
to landfall experienced lower LFDR compared to either weakening or neutral events. This
implies that a hurricane that intensified during the 24 h period prior to landfall would have less
of its energy dissipated during the 24 h post-landfall stage.
Although hurricanes that undergo rapid intensification prior to landfall (𝑟<=> > 1) are
likely to achieve higher landfalling MSW, the overall landfalling MSW correlates insignificantly
with 𝑟<=> (Fig. 4.2c), meaning that the intensification/weakening of a hurricane prior to landfall
does not have a strong relationship with landfalling MSW. As suggested by the goodness of fit
(R2 =0.23) from the relationship between 𝑟<=> and LFDR (Fig. 4.2b), the 𝑟<=> is only one of
many factors that could affect LFDR. We find that LFDR overall also shows a significant
upward trend as landfall MSW increases (Fig. 4.2d). This agrees with earlier findings (e.g.,
Tuleya et al., 1984; Kaplan & DeMaria, 1995) that more intense hurricanes tend to decay faster
after landfall than do weaker storms. We note that this trend is primarily from Saffir-Simpson
Hurricane Wind Scale (SSHWS) Category 1–3 hurricanes (MSW: 64–112 kt), while extremely
intense landfalling hurricanes (SSHWS Category 4+; MSW: >112 kt) show large variations in
LFDR in terms of landfalling MSW. This is especially the case for those hurricanes that
underwent intensification prior to landfall. This result could be partially explained by the
negative relationship between LFDR and 𝑟<=> , with intensifying hurricanes more likely to
dissipate less energy in the 24 h post landfall. This effect could be even greater for intense TCs
that rapidly intensify prior to landfall. Future studies are encouraged to extend this study to other
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TC basins to include more historical events to better understand the association between landfall
MSW and the dissipation rate of extremely intense TCs.
4.4 Spatial Variations
We also note that a hurricane’s landfall location can play an important role in the LFDR
and 𝑟<=> relationship. Typical examples are the Florida Hurricane of 1949 (Zoch, 1949) and
Hurricane King in 1950 (Norton, 1951). Both Category 4 hurricanes underwent intensification
before making landfall over the southeast Florida coast and then maintained hurricane intensity
as they moved northward over the peninsula.
With the significant relationship between 𝑟<=> and LFDR now demonstrated, we next
investigate the spatial patterns of 𝑟<=> for both coastal and inland regions. Since the calculation
of LFDR requires landfalling hurricanes to spend at least 24 h inland, those hurricanes that
underwent extratropical transition or emerged back over the ocean within the 24 h following
landfall are not captured by this metric. Such landfalling events typically occur when crossing
the Florida peninsula or involve northward- moving tropical cyclones that are undergoing
extratropical transition (Fig. A2). While not involved in the calculation of the relationship
between 𝑟<=> and LFDR, these landfalling events are shown in Figure 4.3a–c that depict the
spatial distributions of landfall locations given the three 𝑟<=> categories. Hurricanes in the
neutral category are relatively evenly distributed compared with those in either the intensifying
or weakening categories. Hurricanes that intensified in the 24 h prior to landfall clustered in
southeast Texas, southwest Louisiana, and southeast Florida (Fig. 4.3a). By comparison,
Hurricane Rita in 2005 was the only hurricane that underwent weakening (from MSW of 115 kt
to 100 kt) along this portion of the coastline (Fig. 4.3c). We find a similar pattern for Georgia
and South Carolina, with no hurricanes making landfall in these two states exhibiting weakening
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in the 24 h prior to landfall. We also find that hurricanes intensifying along the west coast of
Florida south of the Panhandle are only from fast-moving systems that crossed the peninsula
within 24 h following landfall. These storms include Hurricane Charley in 2004 and Hurricane
Wilma in 2005, both of which strengthened before landfall but then crossed Florida in less than
12 h (Pasch et al., 2004; Pasch et al., 2006).
While 𝑟<=> in the above discussion describes the overall MSW changes within a 24 h
period, Figure 4.3d shows the 1° × 1° moving average of the MSW changes computed in 6 h
intervals, with higher values implying a more rapid intensification. These values are found
particularly south of eastern Texas and western Louisiana, off of the Atlantic East Coast near
30°N, and near the southeastern portion of Florida. Hurricane intensification before landfall
along the Gulf Coast can be partially explained by high ocean heat content and a deep mixed
layer (Rappaport et al., 2010), while intensification off of southeast Florida and the Atlantic East
Coast is likely favored by the warm Gulf Stream (Nguyen & Molinari, 2012). Similarly, using
numerical simulations, Emanuel (2017) found that the Gulf Coast and southeast Florida are
hotspots for rapidly intensifying TCs. This increases the risk for potential destruction induced by
a hurricane undergoing RI near landfall, resulting in less coastal evacuation preparation time.
While the spatial variation of hurricanes post-landfall decay has been demonstrated along
the U.S. coast (e.g., Kruk et al., 2010; Zhu et al., 2021), we next investigate whether such local
variation of LFDR exists among the three 𝑟<=> categories (Fig. 4.4). Intensifying landfalling
hurricanes along the Gulf Coast show a mixed pattern of LFDR, with a range spanning from 0 to
0.75 (Fig. 4.4a). The hurricane dissipation rate following landfall along the Gulf Coast is
particularly complex due to strong air-land interactions (Evans et al., 2011; Andersen &
Shepherd, 2017). By comparison, southeast Florida shows larger occurrences of relatively lower
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LFDR, implying that hurricanes that underwent intensification before landfall were also less
likely to weaken after landfall. This also supports the Florida empirical wind decay model where
TC inland MSW decay over Florida is less than for other portions of the continental United
States (Kaplan & DeMaria, 1995; DeMaria et al., 2006). We also note that most of the
landfalling events in southeast Florida were major hurricanes (marked with a red circle; Category
3 or stronger with a MSW ≥ 96 kt according to the SSHWS). These hurricanes that intensify
before landfall and only slowly weaken after landfall can potentially cause massive destruction
for both coastal and inland regions.
We also find spatial variations of LFDR for landfalling hurricanes that were weakening
prior to landfall. The LFDR is overall lower along the west coast of Florida and relatively higher
along the Gulf Coast with greater variation in this region (Fig. 4.4c). This variation is also
apparent when dividing the landfalling events into three geographical areas (Fig. A3). Although
these Gulf Coast hurricanes were weakening before landfall, many of these hurricanes remained
at Category 3+ intensity at the time of their landfall. By comparison, those weakening hurricanes
making landfall along Florida’s west coast were below major hurricane intensity at the time of
their landfall. Since inland hurricane decay is somewhat dependent on the portion of the
circulation of the storm left over water (DeMaria et al., 2006), the higher LFDR found along the
coast of Florida may be explained by the likelihood that a portion of the circulation remains over
the ocean while the storm center is over the peninsula (Schwerdt et al., 1979).
As part of the limitations just discussed, the intensity decay of landfalling hurricanes with
short inland durations are not well represented by LFDR. Typical examples are intensifying fastmoving storms such as Hurricane Charley in 2004 and Hurricane Wilma in 2005, with landfall
MSW at 130 kt and 105 kt, respectively on the southwest coast of Florida. These systems then

77

exited the peninsula with intensities of 70 kt and 95 kt, respectively. The greater absolute wind
decay of Charley in 2004 could be due to both a longer inland duration (~9 h compared with 4.5
h for Wilma) as well as a more compact storm size causing less of the circulation to be over the
ocean. Despite using absolute MSW changes as a function of post-landfall intensity decay (e.g.,
Kaplan & DeMaria, 1995; DeMaria et al., 2006), recent studies on measuring post-landfall
intensity decay require either 24 h inland to calculate the decay timescale (Li & Chakraborty,
2020), or a fixed wind change for a decay period (Zhu & Collins, 2021). Future studies could
extend the concept of LFDR and relevant metrics to better capture the intensity decay of
hurricanes that rapidly transit landmasses.
Another potential step for future work could be examining the 𝑟<=> and LFDR
relationship from a temporal perspective since related studies have found long-term climate
variability such as the Atlantic Multidecadal Oscillation (AMO) may be one of the main drivers
for changes in hurricane intensification rates on a basin-wide time scale (Klotzbach, 2012;
Balaguru et al., 2018; Bhatia et al., 2019). The long-term changes of near-shore 𝑟<=> may also
be partially driven by near-coastal environmental changes (Kossin, 2017), while greenhouse gas
forcing may be another factor (Ting et al., 2019). Emanuel (2017) also showed that the frequency
of TCs undergoing RI within the 24 h period before landfall was projected to significantly
increase by the late 21st century.
From the post-landfall perspective, Li and Chakraborty (2020) showed a significant
increase in the Atlantic hurricane landfall decay time scale since the 1960s. Similarly, Zhu and
Collins (2021) found landfalling hurricanes in the U.S. are experiencing a significantly longer
decay period in recent years, likely driven by the current positive AMO phase. In addition, Wang
and Toumi (2021) showed that the maximum intensity of a TC on a global scale has shifted
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closer to land since the 1980s, due to both a poleward and westward migration of TC tracks.
Therefore, investigating temporal changes of the 𝑟<=> and LFDR relationship at a global scale is
warranted in future work.
4.5 Conclusions
This article examines the relationship between changes in hurricane MSW changes in the
24 h before landfall and the landfall dissipation rate. We focus on continental U.S. hurricane
landfall events and by introducing the LFDR as a metric describing the hurricane near-shore
dissipation rate, we find a significant negative relationship between the 24 h pre-landfall
intensity change rate and the LFDR. This relationship indicates hurricanes that underwent rapid
intensification before landfall tend to dissipate more slowly after landfall. The LFDR is also
positively correlated with the landfalling MSW, but this relationship remains uncertain for
extremely intense hurricanes (e.g., SSHWS Category 4+ hurricanes).
The region with the largest occurrences of high 𝑟<=> is located along the western Gulf
Coast, with a concentration in southeast Texas and southwest Louisiana. We also find several
intensifying hurricanes making landfall along the east coast of Florida, but all intensifying events
along the west coast of Florida south of the Florida Panhandle are from fast-moving hurricanes
that were inland for less than 24 h. The high frequency of intensifying events along both the Gulf
Coast and the east coast of Florida verifies previous research on this topic (Emanuel, 2017;
Wang et al., 2017).
By comparison, although there is a negative relationship between 𝑟<=> and LFDR, the
spatial distribution of LFDR is not identical to the distribution of 𝑟<=> . We observe a broad
range of LFDR along the Gulf Coast, with high ocean heat content favoring intensification
before landfall (Rappaport et al., 2010) but with post-landfall decay rates varying considerably
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due to strong air-surface interactions (Evans et al., 2011; Andersen & Shepherd, 2017). We
identify southeast Florida as an area under especially high risk due to a combination of frequent
intensification prior to landfall, high landfalling wind speeds, and weak dissipation rates after
landfall.
We intend to extend these findings to other global TC basins in future work. We also plan
on examining temporal changes of 𝑟<=> and LFDR under different emission scenarios, since
these two factors are highly related to hurricane risks for both coastal and inland regions.
4.6 Data Availability Statement
All original data used in this study are publicly available.
The TC data were obtained from the International Best Track Archive for Climate Stewardship
version 4 (IBTrACS; https://www.ncdc.noaa.gov/ibtracs/index.php?name=ib-v4-access).
The TC landfall data are from the Atlantic Oceanographic and Meteorological Laboratory
(AOML; https://www.aoml.noaa.gov/hrd/hurdat/UShurrs_detailed.html).
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4.8 Figures

Figure 4.1. Mann-Kendall correlation of ACE(-24h) and ACE(+24h) for intensifying, neutral, and weakening
tropical cyclones.
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Figure 4.2. (a) Change of MSW over time relative to landfall. The three 𝑟!"# categories (intensifying,
neutral, and weakening) are distinguished by red, gray, and blue, respectively. (b) Relationship between
𝑟!"# and landfall dissipation rate with the solid line representing the linear regression trend. Dashed lines
show the 95% confidence interval. The slope is reported at the 95% confidence level. The R squared
value represents the goodness of fit. The non-parametric correlation test is reported using Kendall’s tau
and its associated significance level. (c) As in (b) but for 𝑟!"# and landfall MSW. (d) As in (b) but for
landfall MSW and LFDR. The linear fit for the SSHWS Category 1–3 subset is highlighted in orange.
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Figure 4.3. Spatial distribution of landfalling hurricanes for (a) intensifying, (b) neutral and (c) weakening
TCs. Landfalling events that then involved extratropical transition or where TCs emerged back over the
ocean within 24 h of landfall are marked with crosses. (d) Spatial moving average of hourly MSW change
measured in a 6 h interval pair. The spatial moving average is computed by a moving 1° × 1° grid box
with a 0.5° × 0.5° output resolution.
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Figure 4.4. Spatial distribution of the landfall dissipation rate for (a) intensifying, (b) neutral, and (c)
weakening landfalling hurricanes. Areas with many overlapping events on the map shown are displayed
in the zoomed-in dashed boxes. Major hurricanes (MSW ≥ 96 kt) are highlighted with red circles.
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CHAPTER FIVE:
CONCLUSIONS

5.1 Introduction
With more than 90,000 miles of shoreline, the continental U.S. is significantly exposed to
risks from tropical cyclones (TCs). However, TC hazards not only pose threats to coastal regions
but also to inland communities. Slow-moving TCs following landfall (e.g., 2017 Hurricane
Harvey), or those which undergo rapid movement with deep inland penetration (e.g., 1979
Hurricane Frederic) can cause large loss of life and degree of economic impact. Therefore, it is
critical to improve our understanding of inland moving TCs to help implement adequate
mitigation plans for inland communities.
The main objective of this study, as described by the three research questions in Chapter
One, was to investigate continental U.S. landfalling TCs from both spatial and temporal
perspectives. The results and discussions revolving around the three research questions are
presented in Chapters 2–4. This chapter synthesizes the primary findings from the three main
chapters, discusses some remaining challenges and provides ideas for future research.
5.2 Primary Findings and Connections among Chapters
Firstly, the spatial variation of post-landfall wind speed decay of TCs is examined over
the continental U.S., and observational 6 h inland wind intensity is compared to a widely used
inland wind decay model (Kaplan & DeMaria, 1995). By employing the inland decay ratio
(inland maximum sustained wind speed relative to the landfall wind speed), the study shows that
TCs over the Gulf Coast decay faster than those over the Atlantic Coast during the first 24 h
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post-landfall. This can be explained by more frequent near-parallel trajectories and the proximity
of Atlantic Coast storms to the coastline. However, the decay rate over the Gulf Coast is highly
variable after 24 h following landfall, potentially due to differing soil conditions which can
potentially even allow for the reintensification of a TC, such as Erin in 2007 (Evans et al., 2011).
This Gulf Coast decay variability, particularly along the western part of the Gulf Coast, is not
well described by the uniform inland decay model.
Due to the likelihood that a portion of the storm circulation remains over the ocean while
the center is over land, TCs over the Florida peninsula show the weakest decay rate compared to
those over the Gulf Coast and the Atlantic East Coast, with ~80% of the intensity remaining
inland relative to the landfall intensity. The weak intensity decay of TCs over Florida suggests
that greater attention is needed for inland communities to be adequately prepared for TC risks.
This makes hurricane evacuation and emergency management more complex in Florida since
relocating to inland regions in the state may not be the safest option (Zhu et al., 2020).
While spatial variations in intensity decay of TCs making landfall over the continental
U.S. are confirmed, an important question that remains to be answered is whether TC postlandfall intensity decay has evolved over time. This topic could provide critical implications for
inland TC risks in a changing climate but has generally been overlooked until recently. The
temporal variation of inland TC decay is described in Chapter Three, which investigated TC
post-landfall decay from a temporal perspective. The wind decay period was introduced to
measure the longevity of a TC moving inland at a certain intensity. The wind decay period
described the time required for a hurricane to decay from 64 kt to below 34 kt. Similarly, the
wind decay distance was also introduced to measure the distance of movement during the 64–34
kt decay period. By focusing on landfalling hurricanes (TCs with landfall wind speed over 64 kt)
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over the continental U.S, this study found a significant increase in the hurricane wind decay
period during the last 30 years. However, this increasing trend was not significant for decay
distance within the same time frame due to the variation of translation speed during the wind
decay period. From a spatial perspective, more than half of historical hurricanes retained tropical
storm intensity when transiting the Florida peninsula. This matches the findings from Chapter
Two which noted that a TC loses only ~20% of its intensity, on average, when the storm is over
the peninsula.
The finding of a recent increase in inland wind decay period is similar to results from an
earlier study by Li and Chakraborty (2020), who used the decay time scale approach to measure
hurricane decay during the first 24 h of landfall. By extending hurricane landfall records back to
1900, this chapter notes a potential correlation of the wind decay period with the Atlantic
Multidecadal Oscillation. The potential correlation can be explained by the supply of storm
moisture when passing over the warm ocean, resulting in a slower post-landfall decay (Li &
Chakraborty, 2020).
In addition to the abundant moisture supply to the storm, causing weak post-landfall
intensity decay, warm nearshore sea surface temperatures are also favorable for the
intensification of hurricanes while still over the ocean. In Chapter 2, it is found that TCs making
landfall in the Gulf of Mexico region had a higher averaged sustained wind speed prior to
landfall compared to those making landfall along the Atlantic East Coast. Hurricanes with
nearshore intensification, which weakened slowly post-landfall, could pose great damage to
coastal and inland regions. As there is a lack of studies on a potential relationship between TC
pre-landfall conditions and post-landfall dissipation, Chapter 4 explores the relationship between
the two stages from an energetic perspective.
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The intensification of a hurricane up to landfall can exacerbate losses of both life and
property for coastal regions due to less evacuation preparation time. These destructive forces can
also penetrate farther inland when a hurricane undergoes weaker intensity decay after landfall.
Chapter 4 focuses on intensity changes of hurricanes during the 24 h period before and after
landfall over the continental United States. The landfall dissipation rate was defined as the
relative difference of 24 h accumulated cyclone energy (ACE) generated before and after
landfall. A negative relationship between landfall dissipation rate and the 24 h intensity change
prior to landfall was found. This suggests that intensifying hurricanes before landfall are more
likely to weaken at a slower rate after landfall.
The western Gulf Coast shows a large occurrence of nearshore intensification events,
with a concentration in southeast Texas and southwest Louisiana. However, the linkage between
hurricane nearshore intensification and post-landfall dissipation does not show consistency along
the western Gulf Coast, where hurricanes may undergo nearshore intensification but still decay
rapidly after landfall. The abnormal nearshore and post-landfall relationship in the western Gulf
Coast was also reflected in the conclusion of Chapter Two, in which the region was not well
described by the uniform inland decay model. In comparison, southeast Florida was identified as
an area under particularly high risk due to a combination of frequent intensification prior to
landfall, high landfalling intensity, and weak post-landfall dissipation rates. This also matches
the findings from Chapter Two and Chapter Three that TCs transiting the Florida peninsula only
diminish, on average, by ~20% as they transit the state, with the majority of them retaining
tropical storm intensity. The high exposure of Florida to TC hazards, both coastal and inland,
could cause significant evacuation challenges, such as those posed by Hurricane Irma in 2017
(Zhu et al., 2020; Feng & Lin, 2021).
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5.3 Challenges and Directions for Future Research
The start of modern research on tropical cyclone (TC) inland decay can be traced back to
the 1930s when Wexler (1939) conducted a quantitative case study on the filling rate of the 1938
New England Hurricane. The research interest on TC inland decay gradually increased in the
next half-century, with the majority focused on the impact from terrain roughness (e.g., Bietry et
al., 1978; Bender et al., 1985; Tuleya, 1994). Due to a lack of accurate historical data, earlier
studies are limited to only a certain number of historical TC events, and hence are not capable of
drawing characterizations of the pattern of TC inland decay from both spatial and temporal
perspectives. Data accuracy has been improved through advanced satellite technology, an
increasing number of coastal weather stations, and the reanalysis project of the National
Hurricane Center (NHC; https://www.aoml.noaa.gov/hrd/hurdat/Data_Storm.html), but these
improvements cause uncertainties in interpreting detected trends (Vecchi et al., 2021).
In addition, as stated in Chapter Three, the deficit of long-term TC data brings difficulties
in relating inland TC decay to natural multidecadal oscillations. Attempts using geological
approaches could help identify long-term TC activities using TC-induced sedimentological
overwash signals (Brandon et al., 2013) or oxygen isotope ratios preserved in tree rings (Miller
et al., 2006). These approaches however have limited applications in inland regions, particularly
in urbanized regions where natural landscapes were not preserved.
Although this study highlighted the Florida peninsula for its severe TC impacts in both
coastal and inland regions, these impacts may still be underestimated due to the 6 h temporal
resolution of TC best-tracks. As was noted in the three main chapters, in Florida, due to the
narrow peninsula, fast-moving west-east (or east-west) TCs could cross the state within 12 h of
landfall. These include several intense events including 1992 Hurricane Andrew, 2004 Hurricane
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Charley, and Hurricane Wilma in 2005. While existing approaches to measuring TC inland
decay require at least two inland observations (i.e., 12 h of landfall), there are opportunities for
future studies on developing interpolation methods to estimate inland intensity considering postlandfall decay.
The observed increasing trend of historical TC landfall decay presents an urgent need for
information concerning the inland risk under a warming climate. However, research into inland
TCs in a changing climate has received much less attention than during their lifetime over the
ocean. While the response of TC activity (e.g., frequency, intensity) to climate change is still
controversial, TC rainfall is generally projected to increase (Knutson et al., 2010). In a warmer
climate scenario, the precipitation generated by a TC tends to be more intense (Gualdi et al.,
2008; Knutson et al., 2010), although the area of rainfall may not change significantly (Lin et al.,
2015). The more intense precipitation brought by the TC may provide a thicker barrier that
blocks cool continental dry air from the warm and moist core, causing a TC to be sustained over
land for a longer period of time. TC-induced heavy precipitation and inland flooding could even
be amplified by urbanization (Zhang et al., 2018). Since the limited length and inconsistent
accuracy of historical TC records could inhibit the long-term trend of inland TC intensity decay
in a changing climate, potential directions for future studies include extending the existing
ocean-coupled based synthetic TC tracks (Emanuel et al., 2004) to a land-coupled model to
better represent the land-air interactions in a landfalling tropical cyclone. Because the
synthetically generated TC tracks have no limitations in the number of events, it provides the
possibility of examining the probability of slow TC post-landfall intensity decay under projected
climate change.
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Moreover, TC damage could extend farther inland when moving into high latitude
regions and interacting with the jet stream during the extratropical transition phase. Hurricane
Ida (2021), as a recent example, produced a large precipitation footprint across the eastern U.S.,
with significant wind and precipitation damage during its extratropical transition over the midAtlantic and Northeast. With a potential poleward shift of TC activity in a warming climate
(Emanuel, 2021), future studies on TC impact on high-latitude inland regions are warranted.
Considering different population density and infrastructure designs, it is critical to extend
collaborations of TC inland research with a broad range of disciplines so that adequate mitigation
plans can be implemented for inland communities that are typically less prepared for TC-related
hazards.
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APPENDIX A:
SUPPORTING INFORMATION FOR CHAPTER FOUR
The supporting information contains three additional figures. The first figure describes
the frequency of occurrences of both maximum sustained wind speed (MSW) hourly change rate
(rMSW) and the landfall dissipation rate (LFDR). The second figure depicts the rMSW of historical
hurricane events that are not included in the LFDR calculation. The third figure illustrates the
geographical distribution and rMSW of all hurricane landfall events involved in the LFDR
calculation.

Figure A1. Histogram of (a) rMSW and (b) landfall dissipation rate.
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Figure A2. Spatial distribution of continental US landfalling events not included in the LFDR calculation
based on the three rMSW stages: (a) landfalling hurricanes that underwent extratropical transition within 24
h; (b) landfalling hurricanes that remained inland for fewer than 24 h.
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Figure A3. (a) Landfall locations for three geographical subsets: East Atlantic (AT), Florida peninsula
(FL), and Gulf of Mexico (GM); (b) Distributions of the LFDR of intensifying hurricanes for the three
geographical subsets. The boxes depict the interquartile range; (c) As in (b) but for neutral events; (d) As
in (b) but for weakening events.
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